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Preface 

The Eleventh Meeting of International Collaboration on Advanced Neutron 
Sources (ICANS-XI) was held on October 22-26, 1990 at National Laboratory 
for High Energy Physics (KEK) in Tsukuba. This meeting was hosted by KEK 
and sponsored by the Ministry of Education, Science and Culture 
(Monbusho). 

The meeting covered facility status, R&D in accelerator and target station for 
intense spallation neutron source, and development in instrumentation for 
neutron scattering research. A particular emphasis was put on a topic “Total 
Performance”. 

About 130 scientists participated: about 40 from abroad and 90 from 
domestic. The meeting consisted of 5 status reports, 9 invited talks, about 
88 workshop contributions, about 20 poster presentations, 12 summary 
reports of workshop sessions and 1 conference summary. Most of those arc 
compiled in this proceedings except for some reports. A paper which we 
received after the deadline is compliled in the appendix. The proceedings of 
ICANS-XI is published as a KEK report. Questions and answers for each talk 
are included in the proceedings as far as we could handle. Since the total 
number of pages of the proceedings is so large (almost 1200 pages) we 
divided those into 2 volumes. We are very much thankful for all authors 
who have prepared manuscript quickly for the timely publication of this 
proceedings. 

We wish to take this opportunity to thank all ICANS contacts and 
international advisers for their excellent cooperation in arranging the 
program of this meeting, and all cochairpersons for chairing their session 
successfully. We acknowledge with thanks the help of Local Organizing 
Committee, Local Program Committee, the KEK Administration Department, 
and the conference secretaries. Finally we would like to thank Prof. H. 
Sugawara, director general of KEK, for providing us an opportunity for 
holding this Meeting at KEK, and Prof. T. Nishikawa, former director general 
of KEK, for his continuous warm support for ICANS. 

Conference chairman 

Noboru Watanabe 





. , 





Contents 

Volume 1 

Preface 

Contents 

Plenary Session 

Introduction to ICANS-XI 
N.Watanabe 

3 

Status Reports 

ISIS status report 
J.L.Finney 

5 

Intense pulsed neutron scurce status report 
B.S.Brown, DB.Bohringer. F.R.BrumweII, J.M.Carpenter,R.K.Crawford, A.V.Rauchas, 
A.W.SchuIke, and T.G. Worlton 

14 

LANSCE ‘90: the Manuel Lujan Jr. neutron scattering center 
R.Pynn 

32 

SINQ -status report Oct. 1990- 
G.S.Bauer 

41 

Status of KENS-l’ and KENS-II 
N.Watanabe 

61 

Invited Talks 

Status of the Advanced Neutron Source 
J.Hayter 

75 

Neutron facilities of Moscow meson and kaon factories 
Yu. Ya. Stavissky 

Pulsed neutron sources at KAON 
I.M.Thorson, P.A.Egelstaff and M.K.Craddock 

Pulsed neutron sources at DUBNA : their past, present and future status 
E.P.ShabaIin 

87 

100 

109 

Enriched vs Non-enriched vs Non-fissile targets for pulsed spallation neutron 
sources 119 
J.M.Caqxnter 

General aspects of the ISIS upgrade 
T.A.Broome, IGardner and G.H.Rees 

Progress of the accelerator R&D for the Japanese Hadron Project 
M.Kihara 

Photons and neutrons 
G.Shirane 

134 

140 

156 

Some thoughts on the future of neutron scattering 
P. ABgelstaff 

162 

Conference Summary 

ICANS-XI Conference summary 
G.S.Bauer 

171 

V 



Accelerator 

New Accelerator Projects (including designs) for Neutron Production .- ,. z.71 - .; ‘_; ..’ a,:.; 

Design of the compressor/stretcher ring of the Japanese 179 
C.Ohmori, A.Noda, YKamiya, MKihara. and LYamane 

Hadron Project 
..’ 

Accelerator aspects of the ISIS upgrade 
I.S.K.Gardner and G.H.Rees 

I ‘. ‘,_r .‘. 190 
__ : = 1 

INR linear accelerator and the compressor ring project for the neutron 
spallation source 
S.K.Esin, A.P.Fedotov, M.I.Grachev, Q.~:G~~ic;-L~~.~~~h~~,,~~~M.Lov~hev, 

194 

B.P.Murin, P.N.Ostroumov, Yu. P.Severgin, and Yu, Ya. Stavissky 

On the way to high-power linear proton accelerator for. thelong .-hajf#e...- -:_ .: I, 
radionuclides transmutation 1 I. ..~ ; _ 199 
G.I.Batskikh, O.S. Lupandin, B.P.Murin, and A.P.Fedotov 

‘- 
The intense proton accelerator program at JAERI 
Y Kaneko 

Topics on High Intensity Acceleratq Tecpdogy : . .,!:: !:., : .._:. /.. ,*._ : :.: ,. 

High-power, %egotronVype microwave* generator-for intensive-technological ‘.. 
accelerators 

,. . ‘ .- 

G.LBatskikh, B.P.Murin,.~.e.D~~,iO.~u.Sh!ygin, and LV.Shqnalw~, .:..-. r ‘, :. ..:. 

Treatment of Ho and H- beams spilled at the stripper foil at full energy charge-’ 
exchange injection scheme .\ ., ., -I.- ; -, _ ., 1 

I.Yamane j-- 

Perfect matching for the two-step Ho injection into-a-ring &ith a ‘Dt%O”lattice 
and minimization of the overall emittance growth : ‘/ 

LYamane 

218 

224 

System for generating double-pulsed magnetic fields in a kicker magnet ’ .‘.:‘ ’ 
T.Kaw&uh, S.Tmwa, Y.Ar&i&, ad S.Mumugi ._ . . .. ,‘. :’ . : ,. : ‘^ _ : -:. 

Intense negative ion source 
_’ 

Y.Mori ‘._. I ._ , 

Present status of the test RF system for the KEK PS booster “. ’ -- 
S.Ninomiya, S.Takano, Y.Yoshii, M.Toda, and T.Katori I ‘I. :‘-‘ :‘. : -. .. ’ : 

Summary of this session 
_,i: _. :. ,;: . . . : . (‘_, ;. .: 

235 

<242’ 

247 

251 

259 

(posters). 1 _. :. :. -..__. >.>. : :.: ‘.. : ,I.--L. _ -_. ,i . . ., - _ : .c I 1 ‘..:’ .-: 

Experimental RF proton accelerator with superconducting solenoid beam. 1 :’ 

focusing ; “, -; 

B.I.Bondarev, N.A.Griasnov, V.E.Keilin, A.N.Kourmanov,&.F.Lapta, AN:Likharev,~ _*.: :.:’ .’ 
E.A.Mirochnik, A.V.Mishchenko, B.P.Murin, V.M.Pirozh&iko; O.V.Plmk, VW.Sayerin,.: 
I.B.Seleznev, and M.I.Surin .’ I I :. ,.- - ; I t *,.: -: ._ :‘I. _ . . 

Particle tracking tn the .DSF beamline’ _ -. ’ 

.; 1 
~ ’ .,:.. .’ 

T.Adachi ::.: . . : _: : 
The accelerator complex of the Moscow Kaon factory 
A.G.Chursin, G.A.Dubinsky, S.K.Esin,,N.I,Golubeva, A.I.Iliev,_V.A.Matv.eev, 
V.V.Paramonov. A.S.Pashenkov, Yu.V.Senichev( E~NShaposhritkova, S.P.Volin,, (, .~ . . _ 
V.A.Glukhikh, N.D.Malitskiy, Yu.P.Severgin, I.A.Shukeilo, G.I.Batskikh, Yu.S.Ivanov, .- ’ 
R.A.Meshcherov, B.P.Murin, and Yu.F.Semunkin 

._, :, :- ii . . ,~, r 

. . _.: 
: . 

262 

270 

279 

._ 

vi 



Target Station Workshop~-~ ’ .i ‘- t ..’ z ‘. 

..< . . . 
_’ 

Meutronics . . I. ., ., 

Spallation physics - an overview 
. L.i. 

G.J.Russell * ‘. .’ z.: _ , - . 

Calculation.code system for fission and spallation products -. ’ 
TNihida, H.Tak&la, YNakahara, I.Kannoi T.Tsutsui, and Y.Karteko ; ‘. .’ 

The neutronic performance of solid-target alternatives for Sll%l. . ” ., 
F.Atchison ,.. 

Split-target neutronics ‘. ” r : 1 . . : 

G.J.Russell 
. 

Neutron emission from an extended lead target .under the action of light; ions 1.’ 
in the GeV region 

,, . . . 

R.G.Vassil’kov and V.I.Yurevich . _,.: 

Measurement of neutron activation cross sections by p-Be semi-monoenergetic 
neutrons . 1 L ;;:., :, 

TNakamura; H.Sugita, Y.Kondo, Y.Uwamino, and M.Imamura~ 

Benchmark experiment for material penetration of several tens MeV neutrons 
K.Shin, Y.Uwamino, T.Nakamura, S. Numata, and T&to + : 

Shutter system for the SINQ neutron guides 
_ 

IAnderson, JHhrat, D.Suhi, and W.Wagner :. 

Cold Neutrori Soirrces’ & Moderators ‘. 

Summary report on the LANL meeting on cold neutron source .’ 
G.J.Russell and C.D.West . j.,’ 
Recent experience with IPNS moderators 

; -L 

J.M.Carpenter and T.L.Scott 
‘ 

Optimization studies ‘on coupled liquid hydrogen moderator . 1 
YKiyanagi, N.Watanabe, M.Furusaka, H,Iwasa and LFujikawa 

Reflector optimization, for coupled liquid hydrogen moderator , 
Y.Kiyanagi, N.Watanabe, M.Furisaka and HIwasa 

Some neutronic studies. on flux-trap type moderator 
YKiyanagi and N.Watanabe 

.. ,_ ., ;, 

Theoretical thermal-hydraulic investigations of the; operational and _.safety’, 
features-of the cold_ Da.-moderator for SINQ, ..>~, _. r. 
K.Skala, HSpitzer, and G.S.Bauer ..’ I..’ 

Technical concept of the liquid Dp-cold moderator for SINQ 
H.Spitzer, A.Hochli, G.S.Bauer, and W.Wagner 

Thermodynamic considerations on self-regurating characteristics of a iold’ * ‘. 

neutron source with a closed thermosiphon , ‘~ i .... “I ‘._’ ., 
T.Kawai, F.Ogino, and M.Utsuro .: : ,*-. -,. 

‘_ _.. 

New Concepts in Target-Reflector-Moderator Systems 

Pulsed and quasistationary neutron sources based on proton beams of Moscow 
meson facility 
M.I.Grachev, M.V.Kazarnovsky, V.V.Khmelshikov, N.A.Khryastov, N.V.Kolmychkov, 
V.M.Lobashev, V.A.Matveev, M.N.Ospanov. V.N.Sazanov, S.F.Sidorkin, Yu.Ya.Stavissky, 
V.I.Trushkin, and M.T.Vorontsov 

Simultaneous pulsed/integral neutron facility optimization 
I.M.Thorson 

A design concept of target-moderator-reflector assemblies for KENS-II 
N.Watanabe 

291 

300 

319 

335 

340 

354 

362 

369 

376 

379 

388 

401 

408 

416 

430 

I 

444 

454 

463 

471 



The status of the ISIS targets 
M.Holding and T.A.Broome 

The LANSCE repair project 
G J.Russeil 

Thermofluid dynamics of liquid metal target for SINQ 
Y.Takeda and W.Fis%er 

Thermal-hydraulics investigation for the liquid Lead-Bismuth target of 
the SINQ spallation source 
B.Sigg, T.Dury, M.Hadina. and B.Smith 

Design considerations for the SINQ target window 
M.Dubs and JUtrich 

Preliminary thermal and stress analysis of the SINQ window 
G.Heidenreich 

A solid target for SINQ based on a Pb-shot Pebble-bed 
F.Atchison and G.Heidenreich 

A high intensity beam handling system at the KEK-PS new experimental hall 
K.H.Tanaka, MMinakawa, Y.Yamanoi, M.Ieiri, Y.Kato, H.Ishii, Y.Suzuki, T.Suzuki, 
M.Takasaki, and K&to, 

Summary of this session 
G.S.Bauer 

(posters) 

Measurements of the neutron yield from tungsten target irradiated by 70 GeV 
protons 
A.G.Akopyan, N.V.Kolmychkov, and A.V.Kuzin 

Evaluation of bulk shield for the JHP facilities 
Y.Uwamino and T.Shibata 

Multiplicating neutron targets based on the proton beam of Moscow Meson 
Facility 
V.G.Miroshnichenko. S.F.Sidorkin. and Yu.Ya.Sravissky 

Performance of novel moderator for pulsed neutron diffraction 
R.E.Mayer, J.R.Granada, JDawidowski, and V.H.Gillette 

Neutron production in thick lead target by l-3.7 Gev protons and deuterons 
V.A.Nikolaev, V.I.Yurevich, R.M.Yakovlev, and R.G.Vassil’kov 

Superintensive pulse slow neutron source SIN based on kaon factory 
N.V.Kolmichkov, V.D.Laptev, V.A.Matveev, L.N.Latisheva, S.V.Serezhnikov, S.F.Sidorkin, 
N.M.Sobolevsky, Yu.Ya.Stavissky, V.I.Trushkin, V.V.Khmelschikov, and N.A.Khryyastov 

Appendix of Volume 1 

Target Station Workshop 

Neutronic Tuning - Some Thoughts 
G.J.RusseIl 

478 

488 

492 

508 

524 

536 

551 

569 

577 

579 

586 

601 

607 

612 

628 

Al 

viii 



Volume 2 

Total 

Contents of Volume 2 

Instrument Workshop 

Performance 
Why total performance 
N.Watanabe 

Performance of chopper spectrometers 
M.Arai, A.D.Taylor, S.M.Bennington, Z.A.Bowden, R.OsbOm; M.Kohgi, K.Ohoyama,- 
andT.Nakane 

Improving the resolution of chopper spectrometer at pulsed neutron sources .i 
J.M.Carpenter and D.F.R.Mildner , 

Small-angle neutron scattering at pulsed sources compared to reactor ,sources 
R.P.Hjelm,Jr, P.A.Seeger, and P.Thiyagarajan 

Total performance of small-angle machines at pulsed source 
M.Fumsaka, N.W&anabe, K.Suzuya, I.Fujikawa, and S.Satoh 

Total performance of LAM-80ET 
K.Inoue, TKanaya, K.Kiyanagi, S.Ikeda, K.Shibata, H.Iwasa, TKamiyama, and Y.Izumi 

Summary of this session 
P.A.Egelstaff 

Recent Progress .on Instruments 
*Inelastic Scattering Instruments 

First results from the UK-Japanese spectrometer MARI 
A.D.Taylor, M.Arai, S.M.Bennington, Z.A.Bowden,R.Osbom, KAndersen, W.G.Stirling, 
T.Nakane, K.Yamada, and D.Welz 

IPNS chopper spectrometer improvements 
J.M.Carpenter and C.-K.Loong 

Optimization of a multi-disk chopper spectrometer for cold neutron scattering 
experiments 
R.E.Lechner 

Crosscorrelation method using a pulsed white polarized neutron beam 
M.Kohgi, HFujimoto, K.Ohoyama, K.Yamada and M.Motoya 

Recent progress on MAX 
Y.Todate, H&da, K.Tajima, and S.Tomiyoshi 

Progress with the PRISMA spectrometer . 

U.Steigenberger, M.Hagen, C.Petrillo and F.Sacchetti 

Advances in crystal analyser spectroscopy at ISIS ’ 
C.J.Carlile, USteigenberger, J.Tomkinson, M.A.Adams, MPrager, and R.Mukhopadhyay 

Neutron scattering on ROTAX 
H.Tietze, W.Schmidt, R.Geick, U.Steigenberger, and H.Samu1owit.z 

Recent progress on eVS 
JMayers, A.C.Evans and A.D.Taylor 

*Elastic Scattering Instruments 

Recent progress in TOP spectrometer 
S.Itoh, T-Watanabe and Y.Endoh 

ix 

837 

644 

655 

673 

677 

684 

702 

705 

711 

717 

733 

739 

743 

752 

774 

790 

792 



Collimation and background reduction design for the time of flight neutron 
reflectometer SPEAR at LANSCE 
W.A.Hamilton. G.S.Smith, and R.Pynn 

First results from SANDALS - the small. angle neutron diffractometer for 
amorphous and liquid samples at ISIS 
A.K.Soper 

Status of the new GLAD instrument at IPNS 
R.K.Crawford, J.M.Carpenter, RDejus, J.R.Haumann, R.Kleb, D.G.Montague, D.L.Price; 
and S.Susman 

Use of a semi-opaque beamstop for monitoring sample transmissions at GLAD 
D.G.Montague, J.M.Carpenter. R.K.Crawford, R.Dejus, D.L.Price, and S.Susman 

EXPERIMENTS using single neutron pulses 
C.D.Bowman, P.A.Egelstaff, and H.G.Priesmeyer 

Single crystal diffraction at ISIS 
C.C.Wilson and D.A.Keen 

Future ISIS single crystal instruments 
C C.Wilson and W.I.F.David 

Analysis of a drum chopper for use on a new small angle diffractometer at IPNS 
R.K.Crawford, J.E.Epperson, P.Thiyagarajan, and J.M.Carpenter 

799 

809 

820 

830 

840 

849 

861 

873 

New Components 
*Polarizers and Thin Film Multilayer Devices 

Optical neutron polarizers 
J.B.Hayter 

890 

A double reflection multilayer monochlomator for cold neutron polarizing 
and small angle scattering experiments 
T.Ebisawa, S.Tasaki, T.Akiyoshi, and N.Achiwa 

Polarising filter tests at ISIS 
R.Heap. P.W.Mitchell, J.Mayers and A.D.Taylor 

Investigation and growth of multilayers 
P.Boni, I.S.Anderson, R.Hauert, P.Ruterana, KSolt, B.Famoux, GJ.Herdman, J.Penfold, 
and O.Schaqf 

899 

906 

910 

Optimization of the transmission of a double-trumpet neutron beam compressor 919 
R.E.Lechner and F.Mezei 

Summary of this session 930 
W.G.Williams 

*Detectors 

Area detector for small angle neutron scattering at KUR 
YMaeda, M.Sugiyama and S.Ueham 

Scintillation detector system in neutron-nucleus experiments 
H.M.Shimizu, T.Adachi, and Y.Masuda 

Neutron detectors at IPNS 
R.K.Crawford, J.R.Haumann, and G.E.Ostrowski 

An update on ISIS detectors 
P.L.Davidson, M.W.Johnson and N.J.Rhodes 

Several experiences of using Li-glass scintillators 
N.Niimura, HHirai, K.Aizawa, K.Yamada, and F.Okamura 

Summary of this session 
R.K.Crawford and N.Niimura 

932 

937 

943 

957 

971 

975 



*Sample Environments /Peripheral Equipments 

Neutron diffraction study in pulsed high magnetic field 
M.Motokawa, H.Nojiri, M.Uchi, SWatamura, H.Kawai, and Y.Endoh 

High pressure diffraction at ISIS 
S.Hull, W.I.F.David, R.M.Ibberson and C.C.Wilson 

Feasibility studies for high pressure neutron powder diffraction experiments 
R.B.Von Dmele 

979 

987 

995 

Lanthanum nuclear polarization for T-violation experiment 
YMasuda, T.Adachi, S.Ishimoto, A.Masaike, K.Morimoto, and H.M.Shimizu 

Neutron scattering at ultra-low temperatures 
K.K&urai 

1002 

1010 

Recent Progress on Data Taking and Analysis 

A summary of the workshop on neutron scattering data analysis held at the 
Rutherford Appleton Laboratory in March 1990 
M.W.Johnson 

1015 

Recent improvements of the parameterization of Bragg peak profile functions 
J.M.Carpenter, W.C.Dimm and F.J.Rotella 

1036 

Correcting beam monitor & diffraction data for chopped delayed neutron 
backgrounds 
J.M.Carpenter, DFRMildner, J.W.Richardson, Jr., and W.C.Dimm 

Machine control and online data analysis using PV-WAVE 
G.S.Smith, W.A.Hamilton, R.O.Nelson and G.P.Cort 

Future strategy for computing at ISIS 
W.C.A.Pulford 

1044 

1054 

1061 

(posters) 

Measurements of two-dimensional antimagnetic spin wave by using chopper 
spectrometer installed in pulsed neutron source 
K.Yamada, M.Arai, A.D.Taylor, S.Hosoya, A.&no, K.Nakajima, K.Ohyama, M.Kohgi, 
T.Nakane, T.Perring and Y.Endoh 

Crystal analyzer type spectrometer LAM-D at KENS spallation thermal neutron 
source 
K.Inoue, K.Kanaya. YKiyanagi, K.Shibata, K.Kaji, S.Ikeda, H.Iwasa, and Y.Izumi 

Thermal neutron small-angle scattering spectrometer (WIT) 
N.Niimura,K.Aiiwa,M.Hirai,U.Sangawa,and K.Yamada 

Diffuse scattering studies on SXD 
C.C.Wilson, S.Hull and D.A.Keen 

High precision structural refinement from time-of-flight single crystal data 
C.C.Wilson 

Powder diffraction at ISIS 
W.I.F.David, S.Hull, R.M.lbberson and C.C.Wilson 

Helium-3 neutron polarisers 
W.G.Williams 

A new polarized target for structure studies on biomolecules at GKSS 
MHirai, W.Knop, H-J,Schink, H.B.Stuhrmann, R.Wagner, JZhao, O.Scharpf, R.R.Crichton, 
MKrumpole, K.Nierhaus, T.O.Niinikoski, and A.RijlIart 

Engineering strain measurements using the NPD at LANSCE 
M.A.M.Bourke. J.A.Goldstone, and K.J.Lovell 

1078 

1082 

1095 

1099 

1106 

1114 

1122 

1135 

1144 

List of participants 1153 



Plenary Session 

Status Reports 

Invited Talks 

Conference Summary 





RXNS-XI International Collaboration on Advanced Neutron Sources 
KEK, Tsukuba, October 22-26.1990 

Introduction to ICANS-XI .. 

Noboru Watanabe 
Conference Chairman of ICANS-XI 

Ladies and Gentleman, 
I would like to express 
Meeting of ICANS, in 
this meeting. 

I remember the 
here in KEK. It 
neutron beam to 
were constructed 

our hearty welcome to all the participants at the 1 lth 
particular to the foreign colleagues who came over to 

4th Meeting of ICANS which was held just ten years ago 
was the time just after the KENS facility began to deliver the 
users. In following ten years, large scale spallation sources 
in many ICANS laboratories and are now exploiting new 

fields of condensed matter and fundamental physics researches. I am 
convinced that the ICANS meetings have made a great contribution to the 
successes in those facilities and eventually to the world’s neutron society. 
In the past ICANS meetings, a first topics was historically “target station” and 
the second topic has alternated between “Instrumentation” and 
“Accelerator”. In recent years, however, we had no Accelerator Workshop. 
We think it is always important for neutron scientists to call forth great 
interests of accelerator scientists for intense spallation neutron sources and 
their utilization. We therefore proposed that in addition to Target and 
Instrument, Accelerator be the three main topics covered at ICANS-XI. We 
hope that ICANS-XI could provide ,a good opportunity for this. 

As you will see in the program we have so many contributions, for which the 
organizing committee is thankful. Since in most ICANS laboratories neutron 
experiments are in progress, it would be natural to have a large number of 
contributions in Instrumentation Workshops. The organizing committee put 
great emphasis on “Total Performance” as the main theme in this ICANS 
meeting, because the performance of an instrument should be characterized 
by the total system including accelerator, neutron source, instrument itself, 
sample environment, data acquisition and analysis, etc. We strongly hope 
that in all workshop sessions, the presentations and discussion will be done 
on this base. 
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We arranged two parties, and a picnic as social program. Friday afternoon 
Option KEK Tour is arranged. 

Finally on behalf of the organizing committee I do hope that you will enjoy 
the meeting, excited by exchange of information and hot discussions. We 
also hope that you will have a good time throughout the stay in Tsukuba. 

Thank you. 
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ISIS STATUS REPbRT ’ ” 

J L Finney.,. 
ISIS Science Division, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX1 1 OQX, UK 

: 
ABSTRACT 

Two years back, I .reported at ICANS X [l] that, ISIS was running regularly at 100 PA, 750 MeV, with 
9 scheduled neutron instruments and one muon beam line. Overall efficiency, measured as a 
percentage :of’time beam on target, was about 72%, and our stated priority was to improve 
reliability’at lb0 pA current. Over the past two years, majo.rlmprovements have been made to 
several component parts of the system, and reliability so far in 1990 is just below 80%. Regular 
running periods at 100 pA have been achieved, with 100 PA average current achieved over a period 
of over a week. On 3 November 1989 a record integrated current over 24 hours of 2571 uA hrs 
was obtained. Trip rates have been significantly reduced. Three more neutron instruments ‘are 
now scheduled, bringing the total to 12 neutron and 1 muon instruments. Around 350 neutron 
experiments were run in the 7 cycles of 1989, and about the same number are expected to be run 
in the 6 cycles of 1990. 

Detailed reports on ISIS in the two years to March 1990 are given In ISIS 89 [2] and ISIS 90 [3]. 
Annual integrated currents have continued to rise, with 1989 seeing 283,000 PA hrs in 28 weeks 
scheduled running for users. So far in 1990, nearly 240,000 PA hrs have .been achieved. 

1, REVIEW OF OPERATION 

As reliability has improved, integrated currents produced for user runs have risen, as shown in 
Figure 1. The first 4 cycles of 1990 have already produced 217,000 pA hrs: even though only 6 cycles 
will be run in 1990 for financial reasons (7 were run in 1989). continued running at this efficiency will 
lead to the 1990 figure exceeding that of 1989. Figure 2 shows the integrated beam current delivered 
per completed cycle to date: since ICANS X in 1988, ISIS has produced over twice as much beam 
as in its previous history. Figure 3 presents ISIS average beam current per cycle, and illustrates both 
the fall in efficiency after a long shutdown and the overall improved performance with time. The record 
cycle 6 in 1989 (Figure 4) included both the record day (day 16) which delivered both 2571 PA hrs 
(average 107 PA) and champagne to the crews. It was also in this cycle that a 100 IJ.A average was 
maintained over a 9 day period (days 12-20 inclusive). 110 I_LA currents were achieved routinely in 
the second half of 1989, while the equivalent of 130 PA has been achieved at base rate during machine 
physics. 
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Figure 1. Integrated beam current produced by ISIS in each complete year from start-up in 1985 
to 1989. 
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Figure 2. Integrated beam current produced by ISIS per cycle from 1986 to date. 
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Figure 3. Average beam current per day for each cycle since 1986 
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Figure4. Beam production for each day in cycle 6,1988. Over 100 PA was averaged for a continuous 
period between days 12 to 20 inclusive, with an all-time daily record of 107 PA on 3 November 1989. 
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Whereas in previous years, machine faults tended to come from avariety of sources and lead to short 
off periods, 1989 saw a shift to fewer but larger problems, with consequently longer off periods for 
repairs. The major failures in 1989 included the failure of a main dipole, overheating of power cables, 
sparking in a linac drift tube, and failure of the injection dipole power supply. Several of these 
problems stemmed from a major electrical storm. Some of these problems were tackled during the 
long shutdown between December 1989 and March 1990. A spare dipole was tested, the cable 
overheating problems were resolved by rerouting them, and the electrical insulation of the injection 
dipole magnets was improved. On the preinjector accelerating column, a modification to the 
electrodes was also introduced during the long shutdown to give better shielding of the insulators 
at the high voltage end of the structure. This has resulted in a significant reduction in the frequency 
of column breakdowns, and hence in the number of thermal quenches suffered by the neutron target. 
From an average of 68 per day in the last cycle of 1989, the trip frequency in late 1990 has fallen to 
25 per day or less. 

In addition to other major work, a new extraction kicker box is due to be installed in early 1991. In 
early 1989, it was observed that kickers 1 and 2 had been damaged by sparking, and that a large part 
of the copper conductor on kicker 3 had melted - although it still worked! The new kicker will allow 
the energy on extraction to be increased to the design 800 MeV. 

At 100 PA (1.25 x 1 013 protons per pulse), typical beam transfer efficiencies during routine running 
are : 

Injection 98-99% (98-99%) 
Trapping in synchrotron 88% (86%) 
Acceleration 100% (99%) 
Extraction 100% (99%) 

The figures in brackets are those reported to ICANS-X, and demonstrate further improvement. 

On the target station, new methane filters have been installed which last around 20,000 PA hrs. 
Uranium target number 3 failed in October 1988, after receiving 175,000 @ hrs of protons and 
experiencing 11,000 trips. The product of integrated current and number of trips was at 1.8 x 1 O6 close 
to that for target 2: it is believed the failure mechanisms of the two targets were similar, namely swelling 
of the depleted uranium after repeated thermal shock. The tantalum backup target was then used 
for several cycles, and was found as expected to produce about 50% of the neutron yield of the 
uranium target. Interestingly, there was for the great majority of instruments no significant 
improvement in signal to noise ratio. There are thus no operational or scientific benefits apparent to 
offset the reduction in neutron flux. The fourth uranium target failed prematurely in August 1989: 
although no post mortem was carried out, a possible reason for the premature failure may have been 
the larger grain size of the zircalloy cladding compared to previous targets. 

The asymetrically-poisoned ambient moderator, which gave rise to decay constants of 30 J_LS and 
20 ps from opposite faces, was replaced in 1989 by a symetrically-poisoned one with 20 j_ns decay 
times from both faces. This modification was particularly beneficial in reducing the peak widths on 
the crystallographic instruments SXD and POLARIS. Substantial progress has also been made on 
the design of a system to allow the methane in the 1 OOK moderator to be replaced as a liquid, thus 
removing the radiation damage products. This system, which will be essential for running at higher 
proton currents, will be installed in early 1991. 
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2. REAM TIME DEMAND AND ALLOCATION 

Seven cycles (equivalent to 28 weeks) were run-for science in 1989, while financial considerations 
limited 1990 running to 6 cycles (24 weeks). Overall oversubscription of the instruments remained 
steady at around 2.5; despite the bringing on stream of new instruments. Some instruments were 
oversubscribed by factors of 4 to 5 or more. In 1990,791 proposals requested 3576instrument days, 
of which 403 (57%) were allocated the 1286 instrument days. available. User demand from outside 
the UK continued to increase, and 34% of the available beam during .1990 was allocated to non-UK 
scientists. Figure 5 shows the distribution by country for Round 2, 1990. 
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Figure 5. Allocation of ISIS beam for Round 2, 1990 

3. NEW INTERNATIONAL AGREEMENTS 

The agreements reported at ICANS-X as under negotiation have all been signed; as a result, 
agreements for the use of ISIS beams are now in operation with France, .India, Italy, Japan, The 
Netherlands, Sweden and the University of Wiirzburg, Germany. In addition, a proposal to the Large 
Scale Facilities committee of the European Commission was approved, and consequently the 
present muon line will be split into three, considerably increasing the capacity of a very overloaded 
station. Furthermore, an important agreement was signed with the German BMFT which will provide 
funds to upgrade the accelerator towards its design current, and further improve reliability. Although 
primarily aimed at increasing neutrino production for the neutrino experiment KARMEN, this 
enhancement will benefit all users of the’Facility. Finally, an agreement was signed with the Japanese 
Institute of Physical and Chemical Research (RIKEN) at the end of September 1990 for the 
construction of a further muon beam line and instruments on the opposite side of the muon target 
from the existing one. The characteristics of this line will be different from the present stopped muon 
line, and hence further extend the capabilities of muon science at ISlS. 



4. INSTRUMENTS 

Since ICANS-X, four further instruments have joined the scheduled user programme, making a total 
of 12 neutron instruments and 1 muon station. PRISMA -the ISIS spectrometer built by CNR Frascati, 
Italy - has demonstrated its suitability to perform overview measurements of dispersion curves in 
single crystals over an extensive range in energy’and wavevector transfer. SXD - the single crystal 
diffractometer - joined the scheduled user programme in early 1990 and has already demonstrated 
the power of the time sorted Laue method, particularly in studies of disorder in crystals and magnetic 
satellites. SANDALS - the new generation instrument for liquids and amorphous materials designed 
to minimise troublesome inelasticity corrections - has just emerged from its commissioning phase. 
In addition to making new high quality measurements on water and silica, new science has emerged 
in studies of hydration of polar molecules (dimethylsulphoxide, ethylene glycol) and the 
tetramethylammonium ion, which appears to hydrate as a non-polar molecule. 

Finally, MARI - the result of a strong collaboration with KEK, Japan - which saw its first neutrons in 
September 1989, has emerged from its commissioning phase and has already produced impressive 
results on e.g. crystal fields in ceramic superconductors, final state interactions in liquid 4He, random 
network glasses such as vitreous silica, and antiferromagnetic spin waves in low dimensional 
systems. The instrument is clearly extremely successful, and is already in very strong demand. This 
is a fitting tribute to a very strong collaboration. 

Papers are presented elsewhere at this meeting giving further detail on these new instruments. 

Development work continues on eVS, ROTAX, and on progressing polarised neutrons at ISIS. The 
detectors on eVS were reconfigured to allow momentum distributions in single crystals to be 
measured in two mutually perpendicular directions simultaneously, and measurements on KHCOs 
have already produced the first unambiguous experimental evidence for the exploration of both 
potential wells by a single hydrogen-bonded proton. 

The ROTAX principle was demonstrated on the test beam, and preparations are in hand for a test of 
a polarised chopped beam using the SmCoS filter developed earlier at ISIS. In addition, several 
instruments have been the subjects of major upgrades. 

The table gives details of .ourrent ISIS instruments. 

5. A CONCLUDING NOTE 

ISIS produced its first neutrons at 19: 16 on 16 December 1985. The occasion was marked by a 5th 
Anniversary celebration in and around the ISIS control room exactly five years later. 

1990 was also notable for the retirem,ent of Alan Carne, who was head of the Target Station and Muon 
Unit and contributed to the development and running of ISIS over many years, and also of David Gray, 
who was Head of Facility, and was central to the whole ISIS project from its inception. Both will be 
sorely missed, as will Bill Mitchell, who stood down at the end of September 1990 as SERC Chairman. 
Not only did the early discussions on ISIS take place in Bill’s garden in 1975, but he remained a strong 
and sympathetic supporter of ISIS during his time in the hot seat. 
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INSTRUMENTS AT ISIS 
Instruments commissioned since ICANS-X are underlined 

Neutron Elastic 

HRPD 

POLARIS 

LAD 

sANDALs 

CRISP 

LOQ 

j 

High resolution 
powder diffractometer 

Medium resolution 
‘powder diffractometer 

‘Single crystal 
dilh’actometer 

Liquids and amorphous 
dlffiactometer 

Sinall angle 
diffractometer for 
tihorphous and liquid 
samp & 

Pulsed source 
neutron reflectometer 
for surface studies 

LoW$diffractometer 

Ab-lnitio structure 
detetilnation, large 
unit ceil structure 
refinement, phase 
transitions, mixed 
ptiases, line 
broadening, high- 
pressure studies. 

Magnetic structures, 
phase transitions, 
kinetic studies, 
small ‘samples, high 
pressure work. 

Reciprocal space 
scirveying, 
study of structural 
‘phase changes and 
magnetic order, 
single, cjstal 
structure determination. 

Structures of liquids 
and amo@hous sollds, 
medium resolution 
powder diffraction. 

Static stticture 
factors of fluids, 
amorphous materials 
and biological 
systems. 

Surface structure, 
interfaces and surface 
magnetism. 

Macromolecular, 
biological and other 
large &ale siructures. 

Ad/d - 5 x 10-d 
(backscattering), 
Ad/d - 2 x 10-a 
(90” bank), 
guide: h* = 0.98 A, 
minimum wavelength 
= 0.5 A. 

Ad/d - 5 x 10-a 
,(backscattering)l - 

Ad/d’-8 x lo-~@O”), 
Ad/d - 2.5 x 10-2, 
(forward scattering). 

0.2 <‘Q < 30 A-1, 
0.02 < sine/h < 2.5 A-1, 
1.2-300 K accessible, 
posltloti-sensitive 
de&t&s, 
Maic. WI edge -40 A. 

0.2 < Q < 100 A-l, 
AQIQ = 0.004 
(backscattering). 

Minimises inelastic I 

corrections, 
0.05 < Q < 5oA-1, 
AQ/Q - 0.01-0.1. 

Resolution 2-10% A0, 
Q rang~.OX@3~1.,3 4-3 s 

0.5-zX~6.5 A, 
inclined beam for 

, liquid surfaces. 

-0.005’< Q < 0.2-A;‘; 
AQIQ - 0.05. 
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Neutron Inelastic 

HET High-energy 
transfer spectrometer 

Multi-angle rotor 
instrument 

PRM!lA High-symmetry Phonon and magnon 
coherent inelastic collective excitations 
spectrometer in single crystals. 

eVS Electron-volt 
spectrometer 

IRIS High-resolution 
quasielastic and 
inelastic 
spectrometer 

TFXA Time-focused 
crystal analyser 

Muon beam 

Muon 
Facility 

pSR spectrometer 
and specialised 
equipment 

Magnetic and 
vibrational excitations, 
single particle motion 
in quantum systems. 

Dynamic structure 
factors of liquids and 
magnetic systems, 
excitations in crystalline, 
amorphous and disordered 
systems, molecular 
spectroscopy, 
momentum density. 

Momentum density 
studies in low mass 
systems. 

Rotational and 
translational diffusive 
motion in atomic and 
molecular systems, 
quantum tunnelling, 
crystalline electric 
field transitions and 
low lying inelastic 
modes. 

Inelastic scattering 
from magnetic and 
vibrational systems, 
molecular spectroscopy of 
hydrogenous systems. 

Chopper incident 
energy 20-2000 meV, 
E range 10-1500 meV, 
1% energy transfer 
resolution. 

Chopper Incident 
energy 20-2000 meV, 
E range 10-1000 meV, 
1% energy transfer 
resolution, 
+ = 3-135O. 

16 independent 
crystal analysers 
and detector arms 

Resonance analysers 
in the range l-20 eV, 
4 =30-130° 

Graphite analyser 
(002) reflection, 
15 PeV resolution at 
Ea = 1.83 mev, 
Q = 0.25-1.85 A-1 
(004) reflection, 
50 PeV resolution at 
E, = 7.2 meV, 
Q = 0.5-3.7 A-1. 

E range 2-2000 meV; 
N 1.5% energy 
transfer resolution, 
elastic line width 
0.2 meV. 

Transverse, longitudinal Incident momentum 
or zero field pulsed JAR 20-26.5 MeV/c. 
studies of magnetic materials, Stopping range 
metals, semiconductors; 30-90 mg/cm* 
muonium spectroscopy and Beam size 11 mm (v) 
muon catalysed fusion. x 29 mm (h) 

fntensity 5.104 JL+/S 
Frequency response 
1OOkHzto 10MHz 
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Q(LM.Thorson): I did not understand what you meant by “a three way split” in the muon beam. Could you please 
explain it? 

A(J.L.Finney): The ISIS muon beam line accepts two sharp pulses 400ns apart every 20ms. The existence of 
these two pulses degrades the resolution of many pSR experiments. Currently, the new UPPSET device 
improves things by suppressing one of the two pulses. The EEC approved proposal will improve this 
situation considerably. One of the two pulses will continue to pass directly to what will be the central 
instrument of three. The other pulse will be split into two, with the two halves being kicked out to two 
experimental stations placed on either side of the central instrument Muon capacity will thereby be increased 
by a factor of between 2and 3. 

Q(P.A.Egelstaff): Can you express your annual output in a convenient standard unit i.e. a 24 hour day at lOOpA 
(2400p.A hrs); in these units was your 1989 output 110 standard days? 

A(J.L.Finney): Yes, of course. But the number will depend on your standard unit. Defining 24OOp.A hrs as 1 
Egelstaff unit, ISIS in 1989 produced 118 Egelstaff’s (!). We might prefer a rounder figure of 2OOOpA hrs, in 
which case 1989 produced 14 1 standard days. 

Q(H.Tietze): Will a second target on ISIS have fully thermalized cold moderators? 
A(A.D.Taylor): Probably yes. 
Q(B.S.Brown): Can you say a few words about the plan and timetable for the upgrade to 200p.A and 90%? 
A(I.S.N.Gardner): The programme is designed to take 3years. Start of programme is 1990. The first step will be 

to increase the energy to 800MeV in 1991. 
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Abstract: The status and future plans of IPNS will be reviewed. At the 

celebration of our 10th anniversary in 7 months, IPNS will have performed 

over 2000 experiments and has over 230 scientists visiting IPNS annually. 

Plans for a new spallation source concept using a fixed field alternating 

gradient synchrotron will be presented. 

Introduction 

Seven months after the ICANS-XI meeting, IPNS will celebrate its 10th 

anniversary, a significant milestone and a tribute to the hard work and 

dedication of the scientists, 

lo-year anniversary of the first 

will be the cause for the Fifth 

special IPNS Progress Report. 

users, and technical support at IPNS. The 

delivery of the proton beam to the IPNS target 

IPNS User Meeting, a grand celebration, and a 

Another milestone was recently passed with the delivery of 3 x 10' pulses to 

the IPNS target in July, 1990. It seems like only yesterday that we had our 

2-billionth-pulse party, but then milestones such as these come quickly when 

operating with 95% reliability. 

Our motto for the past 2 years could well have been "IPNS Keeps Chugging 

Along." The past 2 years have seen some large budget fluctuations (+21% and 

then -25%, 6 months later); some surprising personnel changes; a never-ending 

series of audits on safety, environment, security, etc.; and a huge effort for 

the scheduled visit to Argonne of the Tiger Team, a 5 week audit on Department 

of Energy (DOE) regulations and policies. Despite these, IPNS continues to 

operate successfully and in a productive manner scientifically: 

. 323 experiments were performed in Fiscal Year 1989 (FY89), which began 

October 1988, 25% more than the previous year (FY88). 

- 220 scientists visited IPNS for one or more experiments during FY89, a 

10% increase over FY88. 

. A second neutron reflectometer, POSY II, to be used primarily for 

polymer research, was commissioned in December 1988. 

. The Glass, Liquid, and Amorphous Material Diffractometer (GLAD) was 

commissioned in April 1990. 

. A proposal to DOE for manpower and instrument support for a second Small 

Angle Diffractometer was funded. 
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+ A multitude of workshops ye.re held, ranging from Momentum Distributions 

to the Determination of Residual Stress in Engineering Materials. 

. By far the largest group .of:visiting faculty and high school and college 

students came to IPNS this past summer. 
: 

And on and on /.. : 

A most exciting prospect for the future is,the conceptual design for an 

advanced Pulsed NeutronResearch Facility (PNRF). The goal is to build a 

pulsed neutron source that is as powerful as any now operating in the world 

which will also act as a test bed for a Fixed Field Alternating Gradient 

accelerator that could increase the proton current by a factor of 30, up to 

3 mA. Given the very likely scenario that none of the existing DOE neutron 

sources will be operating in 10 years, we feel that it is very important to 

have a plan for the future for pulsed neutron sources as well as the very 

exciting prospect for the advanced steady-state reactor, the U. S. Advanced 

Neutron Source (ANS). 

Scientific results and-highlights can be found in the recently printed IPNS 

Progress Report, 1988-1990. 

Operating status of the accelerator system 

The three-billionth proton beam pulse was delivered to the IPNS target on July 

16, 1990. This was less than 3 years after the last major milestone, the two- 

billionth pulse on target, and-shows what 95% reliability can do. 

The average beam current on target is continuing to increase, showing another 

5% increase over the average since the previous ICANS report. Most of the 

increase occurred in the last six months as some nagging problems affecting 

accelerator system. components were solved. 

The reliability, already high by accelerator standards, increased to a 

phenomenal 95.3.%. Coupled with the record-setting average beam current, this 

period was the most productive for the accelerator system in IPNS history. As 

shown in the table below, even though 161 fewer hours were scheduled between 

July 1988 and April 1990 than during the August 1986-June 1988 period, the 

accelerator was available an additional 60 hours-for neutron experiments. 

Table 1 Accelerator operating summary. 

11/81- 10/83- ,3/85- 8/86- 7/88- 

7/83 2/85 7/86 6/88 4/90 

Average beam current #A) 8.65 11.90 12.89 13.47 14.12 

Operating efficiency (%) 89.6 89.3 93.9 91.9 95.3 

Scheduled operating time (h) 7191 5567 5263 6237 6076 

Available operating time (h) 6443 4973 4942 5732 5792 

Total pulses on target (x 108) 6.27 4.91 ,6.02. 6.21 6.03 

Total UA hours 55,732 59,179 63,702 77,210 78,865 . 
Total protons on target (x 1021) 1.08 1.22 1.54 

SD1 linac operation (h) 0 0 1000 

1.73 1.77 

3125 768 

Figure 1 is a plot of weekly average proton current on the 

turn-on in 1981; each point represents, on average, 

15 

neutron target since 

about 148 hours of 
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Fig. 1 Average target current of IPNS. 

operation. It is clearly evident from the plot that during 1989, the average 

proton current had decreased after reaching a near record-setting monthly 

average of 14.5 w in December 1988. In the beginning of 1989, an intermittent 

instability appeared in various accelerator system components. The instability 

was evident in numerous power supplies from the linear accelerator to the 

proton transport line and from the synchrotron to the neutron target. It was 

most prevalent in the ring-magnet power supply, which could not maintain the 

stability of the injection field. The worst problem was that the instability 

was intermittent; it would appear for several hours, disappear for another 

several hours, reappear again, and then disappear for several days. During the 

periods of instability, it would be necessary for the accelerator operators .to 

reduce the operating current so that the imposed beam loss limit would not be 

exceeded. This prevented the accelerator from running at the peak level and 

limited,the "gentle" tuning required to increase the performance. All 

accelerator operations personnel began investigating for possible sources of 

this instability. Since some intermittent problems were being experienced by 

the neutron chopper systems, significant investigation was centered on the 

variable-frequency master clock system which tracks the frequency variations of 

the power line and controls the phase relationship between the chopper systems 

and the synchrotron. This system was described in detail in the IPNS Progress 

Report 1983-1985. 

The problem was located during June 1989 and was found to be an instability of 

the incoming power line. Voltage variations of a few percent and lasting only 

several 60-HZ cycles were affecting many of the accelerator power supplies. 

These power supplies are generally well-regulated, but the regulators do not 

have the bandwidth to respond to such short duration voltage transients. The 

power company was notified, and with their assistance, we were able to confirm 

that the noise source was not located within the laboratory, but was coming in 

through the power grid supplying Argonne. The power company began its own 

investigation in an attempt to isolate the source. Although never confirmed, 

the source appears to have been an industrial arc furnace facility which had 

converted from manual control to computercontrol early in the year. This 

would explain the appearance of the fast voltage transients on the power line. 

In October, the power company rearranged power grid feeders and removed the 

offending facility from the feeder supplying power to Argonne. 

The improved accelerator stability was a major factor in the average current 

improvement which began in October 1989. Other contributing factors, although 
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much more difficult to evaluate, were the replacement.of the ion source, which 

appeared to-improve the source emittance, and the repair of a vacuum leak in an 

injection diagnostic in the synchrotron. Beam size measurements in the 

synchrotron indicated that the beam was occupying less of the injection 

aperture, and therefore, more beam could be injected successfully; 

The real bright spot of the IPNS accelerator operations continues to be the 

operating reliability, that is, availability to deliver protons as scheduled. 

Figure 2 is a plot of this availability; each point represents the availability 

for a one-week period. From July 1988 to April 1990, the lowest weekly 

availability has been above 88%; the average for the entire period is 95.3%; 

This excellent performance has to be attributed to the performance of the 

technical personnel xesponsible for the accelerator system. A great deal of 

effort is expended in isolating potential problem areas and correcting them. 

Many years of accelerator operations experience provides a firm basis for 

extensive preventative maintenance. 

81 82. 83 84 85 88 87 88 89 90 91 

Year 

Fig. 2 Realibility of IPNS. 

Achieving this high level of availability with a complex system such as an 

accelerator also requires some luck. There have been a few instances where 

equipment failures have "waited" until after the scheduled shutdown time. An 

example of one was a cooling hose that failed two hours after shutdown: had it 

occurred during operation, this would have cost six hours of downtime. 

The only potentially significant problem occurred in December 1988, when a 

linac quadrupole magnet power supply failed to shut down when the substation 

feeding the linac vacuum and cooling water systems tripped, off on a ground 

fault. It took 14 hours to repair the damage to insulation, solder joints, and 

current shunts.. Neutron experiments lost only eight hours of beam time, since 

a six hour machine research period had been‘ scheduled and was used for the 

repairs. 

At a user facility such as IPNS, operating time is at a premium, and limited 

time and resources are available for major accelerator improvements. Most of 

the effort is used for minor upgrades. Accelerator research has been minimal 

and has concentrated on areas which could, with little‘effort, improve the 

accelerator performance. One area receiving attention has been the SO-MeV beam 

transport line from the linac to the synchrotron. Studies are underway to 

better characterize the beam transport system with the purpose of improving the 

beam matching into the synchrotron. 
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Another area receiving considerable attention has been the synchrotron loss 

monitoring system. Since the IPNS accelerator system operates loss-limited, 

eliminating the loss of a single proton in the synchrotron will enable an 

additional nine protons to be delivered to the neutron target. Studies are 

ongoing to improve the sensitivity and linearity of the loss monitoring system, 

so that the accelerator can be tuned "more precisely", thereby "squeezing" 

every available proton out of the synchrotron. 

IPNS activity on behalf of SD1 

One of the facets of the nation's Strategic Defense Initiative (SDI) program is 

the use of high-energy particle beams to discriminate between real and dummy 

warheads and to disable the real devices if necessary. Charged particle beams 

traveling long distances would be missteered and defocussed by the Earth's 

magnetic ‘field and, of course, the electric forces between particles in the 

beam would tend to diffuse the beam, thus reducing its energy density. Beams 

of neutral particles would not suffer these deficiencies. Neutral particles 

cannot be accelerated, but negatively charged beams can and then, partially at 

least, neutralized'after acceleration. It is imperative that the 

neutralization process does not add to the angular.divergence of the beam. 

While the SD1 goal to put an operating SO-MeV H- linac into space has been 

delayed, limited research and development is still underway. The only 

operating SO-MeV H- linac in the U.S. today is the one feeding H- ions to the 

IPNS RCS. Due to Department of Energy budgetary constraints, IPNS runs only 

one-half of the time; therefore, the IPNS linac can easily serve other users 

many weeks during the year.. 

As described in the IPNS Progress Report 1986-1988, design and construction of 

the larger ANL-SD1 beam line started in late 1986, and the first test beam was 

sent down this new line on,April 22, 1987. The-beam optics design was supplied 

by members of the Argonne Engineering Physics Division, while IPNS personnel 

supplied much of the hardware design, installation planning, and about 90% of 

the installation labor and initial testing. effort. Since that time, IPNS 

personnel have participated in the installation of a new type of 

electromagnetic beam expansion telescope designed at the Los Alamos National 

Laboratory (LANL). It includes trim multipole magnets to reduce higher order 

magnetic aberrations, and thus, it further decreases beam divergenc'e. Another 

LANL addition to the beam line was the Wire and Fluorescent Fiber.Optical Grid 

(WAFFOG) assembly which .measures the performance of the beam expansion 

telescope. IPNSpersonnel were involved heavily in the installation and in the 

operations support for these tests. 

However, as is evident from the Accelerator Operation Summary, the amount of 

SD1 operation has decreased significantly. During the period July 1988-April 

1990, 768 hours of SDS operation have occurred; only 25% of the time used 

during the- August 1986-June 1988 period. Operation of the SD1 facilities at 

IPNS will almost certainly terminate within the. next year. 

Instruments 

Figure 3 shows the in,struinents now operating at IPNS, the specifications of 

which are given iri Table 2. Although the use of epithermal neutrons (energies 

greater than -100 meV) has been an important aspect of the science performed at 

IPNS, we are also aware that spallation sources can cover the whole useful 

neutron spectrum, which'is why cold moderators are so important. 
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PROTON BEAM LINE 

Fig. 3 IPNS neutron scattering instrument layout. 

The instruments for elastic or total scattering consist of two powder 

diffractometers (SEPD - Special-Environment Powder Diffractometer, GPPD - 

General Purpose Powder Diffractometer), which have excelled at high resolution 

and special environment work, coupled with the on-line capability of the 

Rietveld method and also have proved useful for amorphous systems. ..A3 one 

might expect, these instruments are now used increasingly with furnaces, 

cryostats, and pressure cells. Over the past few years, there has been 

considerable work on the powder diffractometers on structural and defect 

studies of the high-Tc superconductors and the determination-of residual 

strains in composite materials. The Single Crystal Diffractometer .(SCD) is 

based on the Laue technique with a two-dimensional (30 cm x 30 cm) position- 

sensitive scintillation detector based on the Anger method, designed and built 

at Argonne, and has investigated crystal structures.and a variety _of problems 

involving superstructures, diffuse scattering, and rec,ently_,. texture 
determination and magnetic structures. The Glass, Liquid, and Amorphous 

Material Diffractometer (GLAD) was commissioned recently. This instrument 

features high intensity with low-to-moderate resolution and emphasis on-low: 

angle detector banks to simplify inelasticity corrections. The Small.Angle 

Diffractometer (SAD) also includes a two-dimensional position-sensitive 

detector and.is used to investigate metallurgical,. polymqr,,,and biological 

systems. The broad scientific interest in the SAD and large oversubscription 

have resulted in the decision to build a second small angle diffractometer, SAD 

II, which is being designed to optimize capabilities for chemical and polymer 

studies. 

_ 

The two chopper spectrometers (LRMECS - Low Resolution Medium Energy Chopper 

Spectrometer,, HRMECS - High Resolution Medium Energy ChoppeF Spectrometer) have 

proved exceptionally versatile in a variety of problems involving measurements 

of S (Q,E). Experiments on amorphous materials, electronic transitions, and 

momentum distributions have all made use of the abundant epithermal spectrum. 

A low-temperature spectrometer, PHOENIX, is operating.by a Participating 

Research Team (PRT) consisting of scientists from Argonne, the Pennsylvania 

State University, Harvard University, and the University of Il1inoi.s - Urbana 

for momentum density, n(p), measurements in quantum liquids and solids. 
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Table 2 

IPNS NEUTRON SCATTERING INSTRUMENTS 

Instrument 

(Instrument Scientist(s)) 

Rancre Resolution 

Beam Wave-vector* Energy Wave-vector Energy 

Line (A-l) (eV) (A-l) (eW 

Special Environment Powder 
Diffractometer (SEPD) 

(J. Jorgensen/K. Volin) 

General Purpose Powder 

Diffractometer (GPPD) 

(J. Richardson/R. Hitterman) 

Single Crystal Diffractometer 

(SCD) 
(A. Schultz/R.Goyette) 

Glass, Liquid, and Amorphous 

Material Diffractmeter (GLAD) 
(D. Price) 

Small Angle Diffractometer (SAD) 

(J. Epperson/P. Thiyagarajan) 

Quasielastic Neutron Spectrometer 

@ENS) 
(F. Trouw) 

Low Resolution Medium Energy 

Chopper Spectrometer (LRMECS) 

(C. Loong) 

High Resolution Medium Energy 

Chopper Spectrometer (HRMECS) 

(C. Loong) 

PHOENIX 

(P. Sokol/Y. Wang) 

Electron-Volt Spectrometer (eVS) 

(P. Sokol) 

Polarized Neutron Reflectometer 

(POSY) 
(G. Felcher/R.Goyette) 

Neutron Reflectometer (POSY II) 

(W. Dozier) 

3 
Wave-vector, k = IrsinO/X. 

** No energy analysis. 

F5 0.5-50 ** 0.35% ** 

F2 0.5-100 ** 0.25% ** 

F6 2-20 ** 2% ** 

Hl 0.05-45 ** - 2% ** 

Cl 0.006-0.35 ** 0.004 ** 

H2 0.42-2.59 o-o.1 - 0.2 0.02 _E, 

F4 0.1-30 O-O.6 0.02 k, 0.05 E, 

H3 0.3-9 o-o.4 0,Ol k, 0.02 E, 

Fl 0.3-30 0.1-0.8 0.01 k, 0.02 E, 

F3 0.1-50 0.08 E. 

c2 

c2 

0.0-0.07 

0.0-0.25 

o-4 

** 

** 

0.7% 

0.0003 

0.001 

** 

** 
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T-la 3 

ANCILLARY EQUIPMENT AVAILABLE AT IPNS 

Device Instrument(s) 

Can Be 

Used With 

Temperature 

Range 

Computer 

Control 

Low Taapratura 

Displex refrigerator SEPD,GPPD,SCD, 

GLAD,SAD, QENS, LRMECS, 
HRMECS,POSY 

Helium cryostat SEPD,GPPD,GLAD,SAD, 

QENS, LRMRCS,HRMECS 
HeliTran SCD 

3He refrigerator PHOENIX 

Dilution refrigerator PHOENIX 

10-300 K 

2.5-300 K 

4.2-300 K 

0.3-4.2 K 
0.03-4.2 K 

High Temporaturo 

"Miller" furnace SEPD,GPPD Controlled atmosphere 

"Howe" furnace SEPD,GPPD,GLAD, QENS, 

"Coffee Can" furnace 

"Routbort" furnace 

"1OOO'C" furnace 

High Pressure 

O-20 kbar piston cell 

O-7 kbar gas cell 

O-5 kbar gas cell 

O-5 kbar gas cell 

O-1.5 kbar cell 

blagnetia.-Firld 

O-10 kG magnet 

O-5 kG magnet 

O-14 kG magnet 

O-S kG magnet 

Sample Changers 

10 position 

5 position 

7 position 

Sample Positioners 

Single-axis orienter 

"x-y-z-#" translator 

LRMECS,HFMECS,POSY 

SEPD,GPPD, HRMECS 
SAD Controlled atmosphere 

SAD Controlled atmosphere 

SEPD,GPPD 

SEPD,GPPD 

SCD 

GLAD 

SAD 

SAD 

SAD 

POSY 

POSY 

SEPD,GPPD,GLAD 

GLAD 

SAD 

SEPD,GPPD,GLAD, 

QENS,HFtMECS, LRMECS 
GPPD 

Displex 

Displex 

Furnace 

Displex/Furnace 

Displex 

Displex 

Displex 

RT-1400'C Furnace 

RT-1000'C Yes 

RT-IOO'C 

RT-1750'C 

RT-1000'C 

Ye= 
Furnace 

Furnace 

RT 

lo-300 K 

10-300 K 

RT 

RT-80-C 

Displex 

Displex 

Furnace 

RT 

lo-1025 K 

RT 
lo-300 K 

Displex/Furnace 

Displex 

RT 

lo-300 K 

RT 

ye= 
Displex/Changer 

Yes 

lo-300 K Displex 

RT Ye= 

ye= 

Ye= 
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The Quasielastic Neutron Scattering Spectrometer (QENS) performs studies on 

molecular spectroscopy and diffusion. It takes advantage of good energy 

resolution (-70 PeV), coupled with the ability to measure energy changes as a 

function of momentum transfer. 

The Polarized Neutron Reflectometer (POSY) has become a state-of-the-art 

instrument for obtaining magnetic information in thin films or near the surface 

of bulk materials. The very interesting basic information is coupled with some 

very promising applied interest, for example, magnetic hysteresis in materials 

for recording heads. A second reflectometer (POSY II) was commissioned in 1988 

and was funded in part ($150,000) by IBM. This unpolarized version of POSY is 

primarily for studies of interfaces and interdiffusion in polymers, taking 

advantage of the large scattering contrast of hydrogen and deuterium. The 

Electron-Volt Spectrometer (eVS), designed to measure energy transfer to many 

eV, is used for momentum density measurement of hydrogen in various media and 

due to a recent reconfiguration, now functions as a high intensity, low- 

resolution diffractometer. 

At the present time, five of the instruments at IPNS - Phoenix, GLAD, QENS, 

eVS, and POSY - are operated in a PRT mode. Members of a PRT supply financiai 

support to build and operate the instrument in return for beam time (75%) that 

is distributed among the members. The remaining beam time is given to users 

that are not members of the PRT, based on proposals reviewed by the Program 

Advisory Committee. 

Over two thirds of the experiments performed at IPNS involve some kind of 

special sample environment, e.g., low temperature, high temperature, controlled 

atmosphere (at high temperature), or high pressure. Table 3 shows the various 

ancillary equipment available at IPNS for use in the experimental program. 

Booster target and cryogenic moderators 

IPNS now operates three moderators, all cold; two of flowing liquid methane 

(90K) and one of static liquid hydrogen (ZOR). Deterioration of one of the 

liquid methane systems had been observed, which was due to the accumulation of 

radiolytically produced hydrogen. A palladium based separator has been 

installed which removes the hydrogen. Future plans include returning cold 

solid methane to the now-liquid-hydrogen system. 

We were in the process of installing the Booster target at the time of the last 

ICANS meeting, in October 1988. In fact, one of the authors (JMC) left the 

meeting early for testing prior to final installation. The target has 

performed excellently since then, resulting in an increase in neutron beam line 

flux by a factor of 2.5, and is described in the IPNS Progress Report 1988-1990 

and in another paper in these proceedings. 

Remote examination of target growth 

Previous experience has shown that enriched uranium disc materials can exhibit 

uranium crystal grain growth due to irradiation ("irradiation growth"). 

Neutron diffraction experiments at IPNS showed that the method used to 

fabricate the original IPNS depleted uranium discs (slicing discs from a water- 

cooled cylindrical mold) produced crystals with relatively small grains. 

Because of the small grain size and the lower neutron flux levels, irradiation 

growth of the discs over the predicted life of the depleted uranium target 

assembly was considered negligible. The process used to form the enriched 

uranium discs required slow cooling of the slab, which resulted in a larger 

grain size and an undesirable preferred crystal orientation. Due to the larger 
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grain, perferred crysta,l.orientation, and higher neutron flux levels, 

irradiatfon .growth of the discs became the major factor-in limiting the useful 

lifet,ime of the enriched uranium target .assembly.. As. a result, direct 

measurement -of disk irradia.tion growth -within the‘housing over, the operating 

life of the target assembly has become highly desirable-. 

. 
A test method was developed that uses ultrasonic waves to measure target 

growth, the distance between two metal surfaces, i.e., the-top of a uranium 

target disc cladding and the inner wall of the housing. A sound wave is 

injected into the side of the'vessel that, contains the target. Part of the 

wave penetrates the vessel wall and the-water that flows around each of the 

uranium clad target disks.. The wave reflects off. the disk surface and returns 

to the surface of the vessel. The time delay from injection to return 

indicates the position and, therefore, the-growth of the disks. Periodic 

measurements of the growth permit comparison between target swelling and model 

predictions. The axial-length change can also be monitored using a tang that 

reflects the ultrasonic beam at right angles to the initial beam path so it 

reflects from the target spring housing. The details of the measurement and 

results will be published in Journal of Testing and Evaluation (13. Bohringer, 

et al.). 

To carry out a measurement, the transducer is lowered approximately 10 ft. 

through a l-in. tube (an access port), placing it in contact with the outer 

wall of the housing. Movement of the target back and,forth under the access 

port tube permits monitoring of different sections of the target. A borescope 

inserted into the access port tube is used to align etched markings on top of 

the target with the tube. The etched markings identify the location of each 

disc and the deflection tang. The ultrasonic transducer is suspended and 

lowered through the tube by a signal cable attached to the bac.k of the 

transducer. A weighted collar installed over the transducer provides stability 

and the appropriate contact pressure when the transducer is resting on the 

target housing. A conventional glycerol couplant is used to couple the 

ultrasonic wave pulse to be transmitted through the buffer, housing wall, and 

water. The pulse then strikes the outer surface of the disc-cladding at normal 

incidence and returns to the transmitting probe by the initial path. 

Numerous echoes are evident in the typical oscilloscope tracing. The first 

echo in the train is from the housing-outer-wall buffer interface, and the 

second is from the housing-inner-wall/water interface. Multiple echoes from 

the housing-inner-wall/water interface follow. After several reverberations in 

the housing wall, the interface between the disc-cladding-outer-wall and the 

water is seen between housing wall reverberations; Establishment of the time, 

t, between-the first echo from the housing-inner-wall/water interface and the 

first echo from the top of .the disc, allows separation to be established from 

d=v - t/2, where v is the velocity of sound in-water. Calibration and a 

check on this measurement is carried out with a standard of the target 

assembly. 

The gaps between target discs and housing were dimensionally inspected before 

the discs were finally installed. The gap between the tang and the spring 

housing wall was also measured during final assembly. Measurements of disc-to- 

housing and axial gaps obtained with the micrometer and those obtained by 

ultrasonic testing after final assembly 'are within the, expected cumulative 

errors of-micrometer measurement. 

The most recent ultrasonic examination of the target pucks was carried out on 

July 5, 1990. Absolute estimates of gaps were on the order-of 90-1'15 mils 

(1 mil = -001 in. = . 0254 mm) except for puck 2 which showed an anomalous 
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result of 128 mils for the gap. In all cases except puck 2, the results are 

consistent with the initial gap measurements made on these pucks in October 

1988 and the changes measured since. Total gap reductions (1988-1990) of 3-7 

mils with an uncertainty of 24 mils were observed. Average behavior is shown 

in Fig. 4. A clear ultrasonic signal was obtained from the reflector designed 

to measure axial growth. 

is about 30 mils (out of 

test of about 29 mils. 

In this case the total reduction in gap (1988-1990) 

about 750 mils) with an uncertainty in change for this 

Disk Radial Growth 
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Fig. 4 Average radial growth of 

July, 1990. 

1000 2000 3000 
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enriched uranium disks from October, 1988, to 

The measurements are significant for two reasons: 

1. A relatively sophisticated ultrasonic technique has been applied to a 

very important problem under severe test conditions. The test was 

performed through shielding from a distance of 3 m, on a very 

radioactive target (>lOO,OOO R/hr. at the vessel surface), under 

corrosive conditions and requiring accurate and reproducible 

positioning. 

2. In order to receive permission from the DOE to operate on the enriched 

target, very conservative estimates of growth were made, resulting in a 

predicted lifetime of approximately 3 years. The measurements confirm 

more realistic estimates of a growth rate that is less than half of the 

conservative estimate. The confirmation of the lower growth rate 

should result in installation of a new target, costing -$lM, being 

delayed-- for an annual savings of $3OOK. 

Data acquisition 

Introduction 

Since the 1988 ICANS-X Meeting, we have continued to make improvements to the 

data acquisition system (DAS). Improvements to the existing system include 

replacement of the VAX-11/780 computer by a cluster of faster computers, 

conversion of additional front end computers from PDP-11's to VAXstations, 

installation of a 125 GB juke box library for 8 mm helical scan tape 

cartridges, improvement of our high-level graphics routines for the GKS 
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gr,aphics system,.and installation of TCP/IP networking software to give 
increased access for our outside users. . 

The PDP-11 computers used for control of the data acquisition process and the 

VAX-11/780 used for data analysis were based on the Unibus which is no longer 

produced. by DEC. Communication with the microprocessors controlling the .actual 

data acquisition was originally through a Unibus controller. As these systems 

were replaced by Qbus PDP-11‘s and VAXstationS, we used a Qbus to Unibus 

converter so we could continue to use the same communications controllers. The 

communications board which we had been using has now gone out of production and 

there have been changes in the VMS software which have caused problems with the 

Unibus to Qbus conversion. Because of this we have converted ous software to 

work with another controller board which goes directly on the Qbus. 

We are gradually replacing the PDP-11 computers with VAXstations. We currently 

have VAXstations as front end computers on the Glass, Liquid, and Amorphous 
Material Diffractometer (GLAD), the Neutron Reflectometer (POSY II), and the 
Small Angle Diffractometer (SAD). We are in the process of installing 

VAXstations on the High-Resolution Medium-Energy Chopper Spectrometer (HRMECS), 

the other neutron reflectometer (POSY), the Single-Crystal Diffractometer 

(SCD), and the General Purpose Powder Diffractometer (GPPD). Replacement of 

the remaining PDP computers with VAXstations is expected to continue, but there 

may need to be additional changes in our communications with the DAS 

microprocessors since it appears that future DEC VAXstations will-not include 
the Qbus, but will be busless systems. VAXstations are also being used to 
increase the data analysis capacity at IPNS. 

Data analysis computers 

The VAX-11/780 computer originally purchased for analysis of IPNS data has been 
replaced with a cluster of two microVAX 3500 computers and one VAXserver 3400 
computer. In addition, we currently are using the GLAD2 VAXstation 3520 

computer for data analysis in the IPNS computer cluster, and the GPPD 
VAXstation II/GPX computer is being used for analysis of powder diffraction 
data. A microVAX 3100 will soon replace the GPPD VAXstation for data analysis 

and the GPPD VAXstation will be put into service for instrument control. 

The replacement of the VAX-11/780 has resulted in an increase by a factor of 

eight in the processing speed available for data analysis. It has also given 

us improved reliability since the two microVAX computers are connected in a 

dual-host arrangement with the system disk and one user disk on a Digital Small 

Systems Interconnect (DSSI) so that either system can access files on these 

disks when the other microVAX is shut down. Currently access to one of-the 

disks will be lost when it is necessary to shut off power to the microVAX 

housing that disk in order to replace interface boards, etc. This problem will 

soon be solved when the disks are moved to a separate cabineti We will_ also 

add an additional DSSI disk and reorganize files to keep critical files on the 
DSSI disks. We still lose access to disks directly connected to one computer 
when that,system is shut down and expect to convert additional disk space to 
dual-host access as the budget allows. 

Use of VAXstations 

All of the initial eight IPNS instrument computer systems were based on DEC 

PDP-11 computers. These computers.are difficult to program because of memory 

size limitations and give us the burden of supporting an additional operating 

system. Several IPNS instruments also need greater on-line computing 

capabilities and disk storage capacity than is available on the PDP-11 systems. 
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Finally, the PDP-11 systems are starting to show their age (the oldest have 

been in continuous operation for more than 9 years) and their failure rate is 

increasing. For these reasons, we have begun purchasing VAXstations to replace 

the PDP-11 computers. We currently have four DEC VAXstation-II GPX 

workstations, each with at least 300 Mbytes of disk storage, one VAXstation 

3200, and one VAXstation 3520. Another VAXstation 3200 is on order. The 

VAXstations procured as instrument computers initially were used very 

successfully for data analysis. Now they are being used as instrument 

computers and additional microVAX and VAXserver computers have been bought for 

data analysis. The addition of the VAXstations has not only improved the 

instrument computer situation, but has also increased the total computing 

capacity available for data analysis since the VAXstation instrument computers 

place significant computing capacity at each instrument. -It is expected that 

in the future more data analysis will be done directly at the instrument as the 

data are being collected, rather than on one of the central computers in the 

system. Our central VAX systems will continue to be used by the VAXstations 

for data storage and archiving as well as program' development and network 

services. 

Graphics improvements 

A package of high-level graphics routines (GPLOT) for use with the GKS graphics 

package has been developed at IPNS. This was originally developed to provide 

greater access to graphics capabilities at IPNS since we did not have the 

budget for the expensive commercial graphics package (DISSPLA) used on the UAX- 

11/780 to be put on all the workstations. There also was a need for a lower 

cost graphics package for use by IPNS users who did not have and could not 

afford DISSPLA. Most of our graphics routines have now been converted to 

utilize GKS graphics, which is available on all of our computers. The use of 

GKS has allowed us to develop device-independent graphics software that can be 

ru.n on the VAXstation as well as our other graphics devices. The VAXstations 

produce high resolution color graphics very quickly, which allows users to 

interact effective-ly with data collection and data analysis. This will also 

enable more interactive modes of data analysis. 

One of the limitations which prevented us from using GKS for all of graphics 

was the lack of a 3-dimensional plotting capability. This has now been added 

to our GPLOT package, so we expect to continue conversion to the use-of GKS, 

which will result in a-large. cost saving to both IPNS and our users. 

Other improvements to GPLOT include an improved user interface with data-driven 

menu routines for plot device selection at run time. This will greatly 

simplify the installation and customization of GPLOT, and will allow individual 

users to create their own device menus. We have also -added a plot routine 

which allows the user to interactively add text and vectors to the plot and to 

label data points. This routine also provides a continuous display of-the 

cursor position in data coordinates on the VAXstation. 

Improvements have also been made in graphics hardware. Postscript laser 
printers are now available in several locations, and we have added additional 

graphics terminals and a color ink-jet plotter. 

Networking and clustering 

A number of improvements have been made in the Argonne lab-wide Ethernet and 

more improvements are in progress. All VAX computers at the lab are now on the 

Ethernet and many IBM-compatible and Macintosh personal computers are now 

connected via Ethernet. ANL has added a Cisco router which handles .both DECnet 
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Another problem is the archiving of data to tape in order to keep sufficient 

space available on the disks. We have been using file expiration to select 

files for automatic removal from the disks and have used g-Track tape to save 

these files. The problem with this method is that operator intervention is 

required to mount tapes whenever files need to be restored to disk. 

We have recently purchased a juke box library system which holds 54 8mm data 

cartridges which can be mounted in one of two tape drives through remote 

commands. We have converted most of our archived files to 8 mm cartridges and 

have developed software for backup, archiving, and file restoration using the 

jukebox. This will eliminate the need for operator intervention for mounting 

tapes. 

Current needs and future plans 

IPNS has a need to continue upgrading and improving its computer systems and 

software. Developments in technology are very rapid in some areas and IPNS has 

formed a committee of users to recommend improvements to computing at IPNS. 

Two areas identified by this committee as primary concerns are improved 

interactive graphics capabilities using personal computers or workstations, and 

improved document production capabilities using a true What You See Is What You 

Get (WYSIWYG) software/hardware package. We are examining various commercial 

software packages in these areas for use on a Macintosh or IBM-compatible 

personal computer. We also plan to investigate the use of X-Windows terminals 

for achieving these capabilities on a shared system. 

User program 

Figure 5 shows that the number of requested and available days dropped off 

somewhat in 1985 and has been steady since that time. This is due to the 

decrease in operating funds which has resulted in fewer weeks of operation. 

This has been partially compensated by the installation of the Booster target 

and increase in average proton current, meaning fewer days are required per 

experiment. 
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Fig. 5 IPNS statistics since 1982. 
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With the availability of significant fluxes of long wavelength neutrons, the 

Small Angle Diffractometer (SAD) has become. a highly versatile and attractive 

instrument for research in many areas, viz., biology, metallurgy, and polymer 

science. This has resulted in making the SAD one of the most oversubscribed 

instruments for the past 4 run cycles. To alleviate this oversubscription on 

the SAD, a proposal to build a second SAD was developed and recently funded by 

the DOE; construction is underway, and the goal is to complete the instrument 

in collaboration with S. -H. Chen of the Massachusetts Institute of Technology 

by mid-1991. 

The breakdown of statistics on visitors and their experiments is shown for the 

first 8 (fiscal) years of operation. Due to funding restrictions, the total 

weeks of IPNS operation decreased after fiscal year 1984 (FY84). However, 

since operation before FY85 included the now-defunct Radiation Effects 

Facility, the number of weeks for neutron scattering has been nearly constant. 

In addition, with the installation of the Booster target and increases in 

proton current and the number of instruments, the number of experiments 

continues to grow. 

Table 4 IPNS user program statistics for FY82-FY89f. 

FY82 ~~83 FY84 FY85 FY86 FY87 FY88 FY89 

Experiments performed 94 110 210 180 212 223 257 323 

Visitors to IPNS for at least one experiment: 

Argonne 37 41 49 44 52 55 57 60 
Other government laboratories 8 9 8 7 11 15 18 16 
Universities 27 33 45 51 79 78 89 94 
Industry 5 5 9. 7 13 24 20 24 

Foreign 12 18 39.. 35 27 24 17 26 z 106 150 ..= 182 196 201 220 

User Instruments 4.5 6 6 6 6 67 

PRT Instruments 1112 3 3 4 4 
PRT Instruments 1112 -.3 3 4 4 

*Fiscal Year (e.g., FY89 = October 1, 1988 to September 30, 1989, inclusive). 

Recent conferences and workshops 

We continue our strong commitment to sponsor conferences and workshops in 

connection with our efforts to spread the news about neutrons in general, and 

the capabilities of IPNS in particular. Financial and technical assistance 
from both the University of Chicago and Argonne's Division of Educational 

Programs is greatly acknowledged. 

October 24-26, 1988 

Workshop on Momentum Distributions 

November 14-15, 1988 

Fourth IPNS User Meeting 

November 16-18, 1988 

Short Course in Powder Diffraction and Rietveld Analysis 
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June 14-15, 1989 

Neutron Scattering in 

April 16-17, 1990 

Workshop on Glass and 

May 22-23, 1990 

Molecular Sieve Research 

Liquid Diffraction 

Application of Neutron Diffraction to the Determination of Residual Stress 

in Engineering Materials 

August 23-25, 1990 
Workshop on Neutron Reflection Data Analysis 

Pulsed Neutron Research Facility (PNRP) 

The need for more intense neutron sources has been the subject of numerous 

meetings and reports. The most thorough workshop took place at Shelter Island, 

New York, in October 1984. The major findings of the workshop were: 

1. The case for a new higher flux neutron source is extremely strong, and 

such a facility will lead to qualitatively new advances in condensed 

matter science. 

2. To a large extent, the future needs of the scientific community could 

be met with either a 5 x 1015n-cm-2-s-1 
1017n_cm-2_s-1 

steady state source or a 

peak flux spallation source. 

Fig. 6 Pulsed Neutron Research Facility. 
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Accelerator-based pulsed neutron sources have been performing neutron 

scattering research for just over ten years. During this decade, beam 

intensities have increased by a factor of 100, and there are now more than 50 

spectrometers operating worldwide. The pulsed neutron sources have proved to 

be highly effective and are complementary to reactor-based sources in that 

there are important scientific areas for which each type of source has unique 

capabilities. We have proposed to the DOE that the capabilities of pulsed 

neutron sources be further pursued by means of a Fixed-Field Alternating- 

Gradient synchrotron concept. The program in this proposal will do the 

conceptual research and development for the accelerator and target systems that 

will produce 100-200 PA at 500-1000 MeV. Much of the present IPNS system will 

be incorporated in the design as shown in Figure 6. The accelerator, named 

Pulsed Neutron Research Facility (PNRF), will be a source comparable to the 
most powerful pulsed sources now operating in the world and also will act as a 

test bed for the basic Fixed Field Alternating-Gradient synchrotron concept for 

more powerful sources in the future. A preliminary conceptual design was 

developed in 1984 for a 100 PA, 500 MeV machine. Details of this proposal 
appear in.the Proceeding of the Enrico Fermi Summer School on Industrial and 

Technological Applications of Neutrons; Lerici, Italy, June I9-29, 1990. 

Acknowledgement8 

This work is supported by the U. S. Department of Energy. This manuscript has 

been authored by a contractor of the .U. S. Government.under contract No. W-31- 

109-ENG-38. Accordingly, the U. S. Government retains a nonexclusive, royalty- 

free license to- publish or reproduce the published form of this contribution, 

or allow others to do so, for U. S. Government purposes. 

Q(A.D.Taylor): Is your _quoted thermal flux of 10 I4 n* cm-2-mA’l consistent with estimates that a 5mA SNQ 
would be equivalent to ILL? 

A(G.S.Bauer): Yes, it is. SNQ had twice the proton energy (effectively, because of the 12OMeV threshold) 
compared to SINQ and five times the current, which reach to somewhere around lOl5 cm-2sec-1. Of course, 
the fine structure would have math SNQ superior to the ILL-reactor by an order of magnitude or more with 
proper instrumentation. 

Q(N.Watanabe): What are the major reasons for large difference in estimated target life compared to that of ISIS? 
A(B.S.Brown): The ISIS target lifetime is determined by cladding fatigue and our by growth. The reason for the 

difference is in the details of target design, beam intensities, U-235 vs U-238, etc. 
Q(2): Why are ISIS and PNS target lifetime so much different? 
A(J.M.Carpenter): The differences depend on details of stress distribution in the cladding. The disk designs differ 

substantially, so the comparison is difficult to make. Furthermore, the failure mode is in fatigue; fatigue life 
is a very strong inverse function of stress, 

Q(Y.Endoh): I would like to ask your comment on the anisotropic growth of booster target becauseyou’showed 
only one direction data. 

A(B.S.Brown): After 2 years of operation, the average radial disk growth was .127mm and the axial growth for the 
stack of 11 disks was .762mm. 

Q(N.Watanabe ): How can you measure the radial growing ofI&235 target disk? 
A(B.S.Brown): The growth is measure by an ultrasonic technique that measures-the time for a signal to reflect off 

the outer surface of the disk. 
Q(A.D.Taylor)z Would you retain a 235U booster target with the 1OOl.t.A accelerator concept? 
A(B.S.Brown): The present 809& enrichment would be very difficult at IR#LA. Options include lower enrichment, 

2 target stations with a booster target for low frequency operation, or a return to 238U. 
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ABSTRACI’ 

This paper describes progress that has been made at the Manuel Lujan Jr. Neutron 
Scattering Center (LANSCE) during the past two years. Presently, LANSCE provides a 
higher peak neutron flux than any other pulsed spallation neutron source. There are seven 
spectrometers for neutron scattering experiments that are operated for a national user 
program sponsored by the U.S. Department of Energy. Two more spectrometers are under 
construction. Plans have been made to raise the number of beam holes available for 
instrumentation and to improve the efficiency of the target/moderator system. 

When I spoke at the last ICANS meeting in 1988 [ 11, LANSCE was struggling with low 
beam availability and a proton beam current that was less than a third of its design value. 
Construction of a large experimental hall had been completed and desert dust was hanging 
over the construction site of our new office and support building. A user program had 
been started and 399 days of beam time were requested for the 1988 run cycles. 
Occupancy of the ER-1 experimental hall during beam delivery had been achieved but relied 
heavily on fail-safe instrumentation to detect proton beam spills and prevent large radiation 
doses close to the spectrometers. The neutron powder diffractometer (NPD) and the 
reflectometer (SPEAR) were being commissioned: a chopper spectrometer (PHAROS) and 
a back-scattering machine were but concepts in the minds of their designers. We were 
contemplating a neutron guide for the back-scattering spectrometer but had not even 
decided whether it should be straight or curved. 

The scene has changed in the past two years. Construction of the office/support building 
was completed early in 1989, on time and within the budget prescribed by the Department 
of Energy. Two months after we moved into our new building, the LANSCE facility was 
dedicated to Manuel Lujan Jr., a long-time New Mexico congressman and supporter of 
scientific research who is currently serving as Secretary of the Interior. 

Thanks to the support and commitment of Los Alamos Laboratory management, we have 
been able to improve substantially the performance of the Proton Storage Ring (PSR). In 
recent months the proton current extracted from ring has usually been between 75 @ and 
85 @ whenever beam has been delivered to the LANSCE target, averaging 75 ALA with a 
beam availability of 74% during the most recent run cycle. During the same cycle, the 
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LAMPF linear accelerator was available for 84% of the time, so less than half of our lost 
time was due to breakdown of the PSR and beam transport systems. A beam current of 
95 @ at a 20 Hz repetition rate was achieved for a shift or so last week, demonstrating that 
there is no fundamental technical obstacle to reaching our ultimate goal of 100 @. For the 
moment however, the beam losses at 100 pA are larger than we are willing to tolerate 
because the activation caused by these losses is inconsistent with the Laboratory policy of 
reducing radiation doses received by employees In his talk later in this meeting Bob 
Macek will tell you what magic he worked to achieve the present PSR performance and 
what modifications he expects to make to achieve 100 w on a regular basis. We are still 
committed to this goal, even though the present performance of PSR gives LANSCE a 
peak neutron intensity that is 50% higher than that of our closest rival. 

The social environment in which research facilities are operated is changing rapidly in all of 
the industrial&d nations. It is becoming increasingly clear that society will not tolerate 
facilities that it perceives to be unsafe or to cause environmental insult. Of course, this 
gives spallation sources an inherent political advantage over competing reactors, in addition 
to the technical advantages that are becoming increasingly apparent. Nevertheless, most of 
the existing spallation sources were not designed to achieve the level of safety that is now 
demanded. For that reason, we at LANSCE have expended a great deal of time and money 
over the past two, years improving radiation and other safety systems. Over 800 tons of 
steel shielding was installed in a layer 750 mm thick on the floor of the proton transport 
tunnel to shield the experimental room (ER-1) that is under the tunnel from the effects of 
beam spill. The attenuation factor of about 100 provided by this steel substantially reduces 
our dependence on instrumentation for safe occupancy of the experimental hall. During our 
studies of radiation safety, we discovered a weakness in the shielding of the proton 
transport system where it passes under a road between LAMPF and the PSR. In order to 
deliver beam under acceptable conditions during 1990 we had to divert this road, fence off 
part of a parking lot and install fail-safe instrumentation to interrupt the proton beam in the 
event of a major spill. Such reliance on instrumentation is uncomfortable and we will 
install additional shielding in our road during the 1990-91 shutdown. By next year, we 
will have spent between $4 million and $5 million on additional shielding and 
,instrumentation for radiation protection in a three yearperiod. 

Neutron spectrometers at most spallation sources have been designed so that access to 
neutron beams is prevented during beam delivery, a safety feature which is absent from all 
research reactors that I have ever visited. The system installed at LANSCE interlocks the 
door to a spectrometer cave with the shutter that prevents neutrons reaching the 
spectrometer. Even though this system has worked well, we have concluded that its lack 
of redundancy is a drawback. Accordingly we will incorporate radiation monitoring 
devices in our spectrometer interlock systems during the 1990-91 shutdown. 

The previous paragraphs describe only two of the many safety related actions that we have 
taken or planned during the past year or so. There have been many others, ranging from an 
almost complete refurbishment of our chemistry laboratory to collaboration with the video 
club at our local high school to tape a comprehensive safety briefing for users of the 
facility. Even though I expect safety to be of continuing concern, I doubt that we will need 
to spend as much money on this activity as reactor centers. Nor do I anticipate that it will 
be necessary to interrupt research at spallation sources for safety related reasons. 

Early this year we completed four new penetrations of our bulk shield. This task had to be 
accomplished with precision because there was very little space between the new holes and 
existing penetrations of our crypt. Once the holes had been bored through magnetite 
concrete and iron, liners were installed and welded to the crypt. The latter task proved to 
be highly non-trivial and it is a testament to the perseverance of Harold Robinson and his 
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crew that the welding was completed before the run cycles began in May. If any of you 
ever have to install additional beam lines at your facilities I encourage you to contact 
Harold: he learned many lessons the hard way. The new beam lines will eventually allow 
us to install four “new” spectrometers in our large experimental hall. In fact, at least two of 
these spectrometers (a Single Crystal Diffractometer and a Filter Difference Spectrometer) 
already exist and will be upgraded only in minor ways when they are moved. 
Unfortunately we cannot yet provide neutrons for our new beam holes. To do so requires 
new moderators to be installed as part of an upgrade in which we expect to increase the 
neutron flux to all spectrometers. Whether we will be able to obtain the $1 million or so 
needed for this upgrade remains to be seen. 

The user program at LANSCE has expanded each year since its inception in 1988, in part 
because of the addition of new spectrometers. In 1988, users requested 399 days of beam 
time on four spectrometers. This year, 145 proposals asked for a total of 592 days on six 
instruments. Because funding for LAMPF has been limited, less than 50 days of beam 
time could be offered to users on each spectrometer, resulting in an average overload factor 
of 2.1. This number is close to the canonical value of 2 that seems to pertain at almost all 
successful neutron scattering centers, regardless of the number of spectrometers or the 
fraction of time during which the facility operates. Of course, it would be sensible to 
increase the operating time for LANSCE from five months to about nine months of each 
year but I doubt that this can be achieved under present budget constraints in the U.S. 

The two spectrometers that were being commissioned in 1988 (NPD and SPEAR) are now 
an integral part of our user program. Even though we expect to upgrade the performance 
of both instruments by installing position-sensitive detectors during the next two years, 
both are already producing high quality data and are popular with users. 

Figure 1:Joyce Goldstone with the equipment she helped design to position samples and 
collimate neutron beams for residual stress measurements on NPD 
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Figure 2:Tangential strain in a plastically deformed, austenitic steel ring. Measurements 
made at Chalk River and Los Alamos are compared with a finite-element 
calculation made by Elane Flower of Lawrence-Livermore Laboratory. 

A system (c.f. figure 1) for positioning samples and collimating both the incident and 
scattered beams was installed this year on NPD to permit accurate studies of residual stress 
in engineering materials. To check this equipment, Joyce Goldstone and Mark Bourke, in 
collaboration with Tom Holden from Chalk River, remeasured the stress in a plastically 
deformed austenitic steel ring that had previously been examined at Chalk River [2]. 
Agreement between the two results was very good (c.f. figure 2). It seems that, with PSR 
running at 75 PA, it takes about 6 times longer to measure a single Bragg peak to a given 
statistical accuracy on NPD, with a resolution that is almost twice as good as that of the 
spectrometer used at Chalk River. Of course, the advantage of the pulsed source is that 
many Bragg peaks can be recorded simultaneously at two scattering angles (+90° and -go’), 
providing information about the anisotropy of residual stress and perhaps the density 
profile of stacking faults. A series of Bragg peaks would have to be recorded 
consecutively at a reactor to provide the same information, more than cancelling the time 
advantage of the reactor for measurement of a single peak. Additionally, the time-of-flight 
methodensures that the gauge volume within which residual stress is sampled is the same 
for each Bragg peak recorded. The principal disadvantage of spallation source 
instrumentation seems, at this stage, to be the time-consuming procedure needed for sample 
alignment. However, I expect this situation to improve as more experience is gained. 

The LANSCE reflectometer (SPEAR) has been designed to use neutrons with wavelengths 
between 18, and 32 %, in two equal frames. This permits reflectivities to be measured for a 
large range of wavevector transfers perpendicular to a surface, without changing the 
grazing angle. Because the spectrum of incident neutrons decays rapidly at large 
wavelengths, thesignal measured on the reflectometer only changes by a factor of a 
hundred or so over the 32 8, wavelength range, even though the reflectivity drops by five 
or six orders of magnitude. In 1990, a linear, position-sensitive detector was installed on 
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SPEAR. This device simplifies measurement of the scattering angle because both reflected 
and undeviated beams can be recorded without moving the detector. In addition, diffuse 
scattering can be measured, giving rise in some cases to interesting Rorschach-like patterns 
that we are now trying to understand. With its PSD, SPEAR is able to measure specular 
reflectivity at the lo-6 level, about an order of magnitude above the best value achievable 
with a well collimated and shielded single detector. It is our belief, substantiated to some 
extent by calculations performed by Devinder Sivia [3], that a complete reflectometry 
program requires both neutron and x-ray measurements. For this reason we have installed 
at LANSCE a conventional SCINTAG x-ray powder diffractometer that can also be used as 
a reflectometer. By next year, a Langmuir trough (the design of which was generously 
communicated to us by Jens Als Nielsen) and a single-crystal quartz cell will be available 
for reflection studies of liquid surfaces as well as solid-liquid interfaces. 

Ancillary equipment has been added to other spectrometers. A computer controlled sample 
changer has replaced midnight manipulations by haggard LANSCE scientists on the Low-Q 
Diffractometer (LQD) and such a device will be added to NPD and SPEAR next year. A 
shear cell, designed by Gerry Straty of the National Institute of Standards and Technology 
(NISI’) in Boulder, Colorado, was recently tested on the LQD. It is anticipated that both 
quartz and beryllium stators and rotors will be provided so that neutron and x-ray 
measurements can be made with the same sheared sample. As a first step towards 
implementing a capability for high-pressure powder diffraction, a test experiment was 
performed this year on the High Intensity Powder Diffractometer (HIPD) with a 49 
milligram sample of CaGe03, contained in a platinum capsule and previously pressed at 65 
kbar by John Parise of Stony Brook. Bob VonDreele has a poster about this work later 
this week. 

Figure 3: The T-zero chopper used on SPEAR to eliminate the “flash” of high energy 
neutrons and gamma rays produced when the proton beam strikes the neutron 
production target. The heavy nickel-alloy rotor turns 20 times per second and is 
synchronised with the beam delivery system. 
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.A great deal of progress has been made on the chopper spectrometer PHAROS, which will 
have an incident-energy resolution of 0.5 % as well as a Brillouin scattering capability that 
will eventually achieve scattering angles down to 0.65 degrees. The engineering design of 
the spectrometer is essentially complete and most of the 20-metre incident flight path has 
been installed, along with a T-zero chopper (c.f Figure 3) and much of the secondary 
spectrometer for Brillouin scattering. Pressure tests were successfully carried out to 
validate the design of the window in the tank containing the large angle detectors. The tank 
will allow almost uninterrupted angular coverage from -10’ to +140° scattering angle with a 
secondary flight path of 4 metres.. We are now able to phase the PHAROS 
monochromating chopper to an oscillator signal with an accuracy of %20 psec. By using 
the chopper to fire the PSR, each neutron pulse can be phased to the chopper with a 
FWHM error of fi.25 l.tsec. PHAROS will rely heavily on lo-atmosphere 3He, linear 
position-sensitive detectors that are 1 m long and 25 mm in diameter with 25 mm 
resolution. Since the commercially available, time-of-arrival electronics for such detectors 
is expensive, we have chosen to develop a charge division scheme that we believe will cost 
ten times less per detector. This project has proved much more difficult than we thought. 
The main problems have been variation of discriminator levels, temperature drift of the 
position calibration by as much as 10 mm, and noise in the charge division circuits. The 
first two problems have now been overcome but new, faster amplifiers may be needed to 
eliminate noise. John Sandoval, the electronics engineer in charge of the PSD’s is hopeful 
that the detectors will be available when PHAROS is turned on next year. 

The neutron guide that will provide neutrons for the back-scattering spectrometer has been 
ordered from Silas in France. Delivery and installation of the in-shield rotating shutter is 
expected in spring 1991. The guide specifications call for a 60 mm-square, 20 metre-long 
straight guide coated with 58Ni. At the end of the guide there will be a 2-metre converging 
section coated with appropriate supermirmr that will reduce the beam to a 30x30 mm2 cross 
section at the sample. The guide will be interrupted close to the shield wall by a T-zero 
chopper and further out by a light, disk chopper that will define the wavelength band of 
neutrons transmitted. We have decided to test silicon crystals grown by the Czochralski 
method and annealed at high temperatures as atialysers. Schneider and co-workers [4] 
have demonstrated that the annealing process produces domains of oxygendefects that 
strain the crystals and greatly enhance their reflectivity without introducing a mosaic 
structure. The annealed silicon crystals can be produced with a variation of d-spacing of 
Ad/d - 5 x 104, an ideal value for our back-scattering spectrometer. In designing the 
spectrometer we will make use of recent theoretical work performed at LANSCE [S] which 
has shown how the resolution of the primary and secondary spectrometer should be chosen 
to derive the greatest benefit from the asymmetry of the neutron pulses produced by a 
spallation source. 

I am sure that Gary Russell will tell you in detail about the recent failure of our hydrogen 
moderator. As figure 4 shows, replacing the liquid hydrogen in this moderator by room 
temperature water had an enormous effect on the intensity of long wavelength neutrons 
used by both the LQD and by SPEAR. Nevertheless, we had no choice but to make this 
replacement. When the hydrogen moderator vented at the end of the first cycle this year, 
we found that a leak of about 0.1 mm in diameter had developed between the hydrogen 
transfer lines and the vacuum jacket surrounding them. Worse, there was a leak-of 1.6 mm 
diameter into the same vacuum jacket from the crypt, which is usually maintained at a 
pressure of 2 tom These leaks could have allowed small amounts of hydrogen to leak into 
the transfer jacket at the same time as oxygen was cryo-pumped into the same space from. 
the crypt. Prudence dictated that we not run the hydrogen moderator under these 
conditions, even though the leak rates were small. Thus, for two cycles we used water and 
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several canisters of automobile radiator sealant instead of liquid hydrogen. Repairing the 
hydrogen moderator is the most important task that we will undertake during the up-coming 
shutdown. Unfortunately, when the present targets, moderators and reflectors were 
installed in 1985, the pressure of funds and deadlines did not allow sufficient thought to be 
given to repair operations. Accordingly we are not well equipped with remote handling 
tools, so the various components cannot be removed or replaced easily. The lesson to be 
drawn from this experience is rather obvious. 

4 5 6 7 6 9 10 11 12 
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Figure 4: Comparison of the neutron spectra obtained with liquid hydrogen and water in the 
LANSCE “Iiquid hydrogen moderator”. The measurements were made on SPEAR 
and LQD and the calculations were done by Gary Russell using the Los Alarnos 
Monte Carlo codes. 

There is a general consensus among neutron scatterers who use both spallation sources and 
reactors that the former provide “the big picture” while the latter are preferred for “surgical 
strikes”. While one can debate the virtues and vices of each of these features, it is certainly 
true that the large dynamic range offered by most spallation source spectrometers inundates 
the user with more information than is easily comprehensible. The need for on-line data 
reduction and, above all, for display and manipulation of data in graphical form is obvious. 
To standardise this type of operation and to achieve a modular system capable of 
responding to various user needs, we have purchased a commercially available graphics 
and image enhancement system called PV-Wave [6]. This system uses a Pascal-like 
language capable of expressing sophisticated manipulations of data arrays, such as plotting, 
Fourier transforming, filtering and so on, in a single line of code. Commands can either be 
issued sequentially from a workstation or can be accumulated as a program. Windowing 
and menu organisation are straightforward and the system has been robust enough to 
convince several of our users to write their own data analysis protocols. The paper by 
Greg Smith and Bill Hamilton later in this conference demonstrates the way in which PV- 
Wave has been used on SPEAR. 

I have believed for several years that neutron scatterers are lagging behind other 
experimental scientists in learning how to extract information from their data. For this 
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reason, we have been fortunate to have Devinder Sivia at LANSCE for the past two and a 
half years to educate us in the mysteries of the Maximum Entropy method and Bayesian 
logic. Several of the results he has obtained in collaboration with other LANSCE staff 
have been quite spectacular. His two-channel entropy method has been used successfully 
to separate background from sharp signals in data obtained with the constant-Q 
spectrometer [7]; MaxEnt is now used routinely on the Filter Difference Spectrometer 
(FDS) to extract information with the best possible resolution; and an application to small 
angle scattering data obtained with cylindrical micelles showed that the lengths of these 
particles was quantised [8]. Finally, application of Bayesian methods to the very difficult 
problem of inverting data obtained with reflectometers led Devinder to suggest a new way 
of performing such experiments, dubbed neutron speckle holography because of its 
similarity to a technique applied in astronomy [9]. 

LANSCE is a very different place now than it was when the last ICANS meeting was held 
there in 1988. At that time, LANSCE was struggling to find its place: beam current was 
low and unreliable, buildings were temporary and many spectrometers were not well 
engineered. In the two years since ICANS X, all that has changed. The main emphasis 
now is not on building machines but on science. I fully expect that, in the two years before 
the next ICANS meeting, our users will produce scientific results that justify the effort that 
has gone into building LANSCE. 
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Q(P.AEgelstaff): Intensity of liq-Hz relative to Hz0 at short wavelength? 
A(J.M.Carpenter): Before conclusions are drawn about relative intensities, the pulse widths must be definitively 

compared. Of course in principle H20 should provide shorter pulses than liq-H2 simply because of proton 

density diffenxkces. 
Q(N.Watanabe): I understand that time averaged proton current of 75pA was achieved at 2OI-k Do you have any 

program to increase the repetition rate? 
A(R.Pynn): No, we believe that would be a step backwards because the performance of many instruments depends 

on peak neutron flux, so one does not want to increase average current by increasing repetition rate. 
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ARSTRACT 

After a lengthy period of “digging-work” which started on 8-8-88 to 
build the 11 m deep proton transport tunnel, most of the concrete work 
is now complete and the steel structure for the target and neutron guide 
halls has been erected. Design work on the target- and supplies system 
is progressing well and a basis for the safety analysis report has been 
established. Besides investigations towards protection against air-plane 
crash and earthquake this also includes research to determine the reten- 
tion factor of lead-bismuth for polonium and mercury. Studies on the 
lead bismuth thermal hydraulics and on the Dz-cold moderator system. 
have so far confirmed our expectations and are still in progress. Also in 
progress is an irradiation endurance test on the target window material 
at Los Alamos. In addition to intensive development work on the liquid 
metal target, research on a lead pebble bed target has been initiated. 

I THE SOURCE CONCEPT 

The final decision to add a spallation target and neutron scattering facility to the meson factory of 
the then Swiss Institute for Nuclear research (SIN) was made in 1987, when funding from the Swiss 
government was obtained. 

Following this milestone, the work done in preparation of the funding request was reviewed, a formal 
project was established and a technical baseline was fixed. 

This technical baseline took into account various boundary conditions: 

- the fact that the accelerator available was a cyclotron with no macro-pulse structure on the 
proton beam; 

- an anticipated proton current around 1.5 mA after an accelerator upgrade and a rebuild of 
the main meson production target; 
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- space limitations resulting from the fact that the proton beam line was pointing towards 

the steep shore of the river Aare and could only be extended by some 30 m beyond the 

last meson production target without violating the public requirements about distance of 

a building from high growing trees; 

- the need of a straight-through beam line to a beam stop behind the meson production 

target and its associated shielding in case the spallation target was not ready for operation. 

The spatial limitations can be seen from Fig. 1, which shows the PSI-West experimental complex as 

it is planned for future operation. 

The most important feature, which is shown on Fig. 2, is the bending-down of the proton beam 

between the meson production target (E) and its beam dump to an inclined drift section which passes 
under the foundations of the Experimental Hall and the adjacent Neutron Target Hall into an 11 m 
deep tunnel. This tunnel will house the beam-optical devices necessary to guide the beam with very 

little losses and to direct it upwards again to the neutron production target. 

The target concept selected for further development was close to the theoretical best, given the fact 

that, as a continuous source, SINQ was to ressemble very much a beamhole reactor in terms of 

utilization. This means that a time average thermal neutron flux as high as possible had to be 

achieved. The proven ways to do this are a large DzO-moderator, high fast neutron production 

density and little absorption in the slowing-down regime as well as for thermal neutron. . 

The liquid lead bismuth target shown in Fig. 3 seemed to be almost ideal: 

- the low melting point of the eutectic mixture (125 “C) allows operation at a moderate 

temperature level around 200 “C 

- heat removal from the interaction zone by natural convection results in the highest possible 

material density with no cooling gaps in the reaction zone 

- lead and bismuth both show good neutron yield and very little absorption 

- the cylindrical geometry with a vertical axis is best for horizontal beam extraction in all 

directions 

- the large target mass results in good high energy radiation shielding in the forward direction 

of the proton beam (Fig. 4) and in a low enough specific activation to make emergency 

removal of decay heat possible by radiation through the surface alone. 

It was planned from the very beginning, to have two cold moderators at SINQ, one operating on 

liquid deuterium and feeding a set of neutron guides as well as a pair of beam tubes. The second cold 

moderator was planned to operate on liquid Hz and to feed two pairs of beam holes. Two further 
pairs of beam holes were foreseen for extraction of thermal neutrons from the moderator. 
For financial reasons as well as in view of the lack of experience in carrying out experiments on a non- 

pulsed and high power spallation source, we decided to postpone the construction of the Hz-moderator 
and of four of the five beamhole inserts shown on Fig. 5. In this way we expect to be able to optimize 

the layout on the basis of what we learn when working on the first instrument. On the other hand, 

four neutron guides will be available from the very beginning, with an option of a fifth one for later 

installation. 
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neutmnslsr.lproton 

Fig. 4 Angular distribution of leakage neutrons from the liquid Pb-Bi target for SINQ. 

Note the self-shielding effect in forward direction for high energy neutrons. 

Thus, most of the instruments scheduled for early operation on SINQ will be in the neutron guide 

hall. This has the additional advantage that the large access shafts to the proton channel, which are 

located in the neutron target hall and which will ultimately be covered with a “tanzboden” for neutron 

spectrometers need only be blocked after the proton beam line has been in operation for some time. 

The neutron guides will have a shutter system adjacent to the main target block shielding which 

will be accessible by removing the heavy concrete blocks used for shielding. Following this stacked 

shielding there will be a cast concrete cavern extending all the way to the neutron guide hall. Above 

this cavern the service area will be located as shown in Fig. 6, thus forming a big service building 

inside the main neutron target hall. 

The cold box and control system for the Dz-cold moderator will sit on top of the tunnel connecting the 

service building to the target block, with the Dz-ballast tank sitting on the roof of the access building 

for heavy equipment next to the neutron guide hall (see Fig. 1). 
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II- SAFETY AND LICENSING’ ’ 

Although not considered as a “nuclear installation” in the sense of the nuclear legislation, SINQ will 
require a licence from the Swiss Nuclear Safety Authoiities for construction as well as for operation. 
This is due to the hazard potential associated with the production of polonium by neutron- capture in 
the bismuth of the target.’ An estimated 9 kCi of long lived a-emitters, mainly PO, are produced during 
one year of target operation at 1.5 mA proton current. In an accident scenario which would destroy 
all protective barriers and would set free 100 % of the noble gases, 10 % of other easily volatile species 
including PO and Hg, 1 % of the medium volatile nuclides and 0.1 % of the less volatile spallation 
products it was found that 95 % of the risk potential come from the Po-isotopes. This would make 
emergency planning for the general public necessary. In order to avoid this, it was requested that the 
radioactivity in the SINQ target must remain contained in the case of 

- an airplane crash with resulting kerosene fire, 

- an earthquake as assumed for nuclear power stations, 

- the target transport container dropping off the crane hook during target exchange. 

Since the SINQ buildings will not be able to contain radioactivity over an extended period of time 
or withstand the crash of a (military) airplane, the safety features.to meet the first two requirements 
will have to be built into the target shielding block and the storage holes for used targets. As a result 
of an analysis carried out for both kinds of events it was found that the impact of a military airplane 
was the more serious one. The following main measures were requested: 

- the heads of the used targets in storage must be secured by 20 cm thick steel housings 
bolted to the concrete structure in addition to the 80 cm thick concrete covers 

- the target block must have a 5 cm thick outer steel liner capable of withstanding a torque 
of 20 MNm and an average azimuthal stress of 70 N/mm2 with only moderate plastic 
deformation 

- unused beam ports must be secured by reinforced concrete or steel beams positioned in 
such a way that the impact force is transferred to the shielding block and not to the beam 
hole plug. 

- the stack of iron bars inside the main target shield has to be arranged such that the impact 
force is distributed over the full height of the stack to avoid “spallation” of the whole shield 
under an impact. 

These requirements will be met by the present design of the target block and target storage area. 

The question, how release of. radioactivity can be safely prevented in the event of a catastrophic crane 
failure during target transport.is still under examination. Generally the risk of activity release is very 
small, since the radioactive nuclides will be contained by three barriers: 

- the transport cask will be tightly sealed to form the outermost containment; 

- the second containment is formed by the target vessel; 
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- thirdly, the target will be in a solid state when transported. 

In order to make sure that the solid state of the target can in fact be counted as a containment of the 

radioactive nuclides present during transport, it is foreseen to vent and evacuate the space above the 

target while the target material is still liquid and thus remove piactically all volatile substances from 

the target before transport. If necessary, the space can afterwards be filled with lead before the target 
is removed from its operating position. Our preliminary investigations indicate that, once the target 

is in a solid state and cooled down to some 50 “C for a few days, decay heat can be removed through 

the target surface by a contact gas. It remains to be studied, whether the shielding of the transport 

cask in the absence of active cooling would warm up sufficiently high to bring the target temperature 

back up to the melting point. At present it is our feeling, that this is rather unlikely. Detailed studies 

will be started soon. 

Unfortunately we have some uncertainty on the radiation load in our anticipated mode of operation 

since we rely on the beam scattering and energy loss when the protons traverse the meson production 

target. It is, however, possible and even likely that a certain fraction of the beam will go past this 

target unscattered. This fraction may be as high as 30 % under certain operating conditions. 

Partly for this reason we have not been able to quantify with a good level of confidence the life 

expectancy of the beam entry window at the bottom of the target. Test windows under irradiation 
at the LAMPF accelerator have so far stood up to 80 mAh/cm2, which corresponds to 1200 hours of 

operation at 1 mA beam in our 30 % bypass situation. We hope to continue these tests. 

Since the fraction of unscattered beam is very hard to monitor, we have adopted a window design in 

which we count on being able to detect a failure before any severe consequences develop. The idea 

is to have three windows at different operating conditions (pressure difference, temperature, stress 

situation) and to monitor the spaces between them. The first window, as can be seen in Fig. 3, is 

the cusp-shaped operating. window cooled by the liquid lead bismuth itself and hence operating at the 

highest temperature. Underneath this window there will be two dome-shaped safety windows with 

cooling water flowing between them and with gas circulation between the operating window and the 

upper safety window. By suitable choice of the gas and water pressure, we can establish different load 

and stress situations on the three windows. If a pressure change or contamination is detected in either 

the gas or the water, interruption of the proton beam and closure of two safety valves in the beam 
line will be triggered. 

These problems will be dealt with in substantial detail in the safety analysis report which we have to 

prepare to apply for permission from our licensing authorities for construction and operation of the 

source. We hope to obtain this permission by late 1991 or early 1992. It is only then that we can 

start building the target block and its auxiliary systems. 

III SITE CONSTRUCTION AND RELATED WORK 

Due to the fact that no containment functions are necessary for the neutron target and neutron guide 

halls, we were able to start their construction on 8-8-88. Excavations for a waste-water storage tank 

cavern and the 12 m deep hole of the beam transport tunnel progressed well and during the year of 

1989 thousands of tons of concrete were brought to the site to form the plinth and heavy load floor 

(60 t/m2) requested for the target block and target hall. 

The steel structure of the neutron target and guide halls went up this summer and the halls will have 

walls and roofs before winter starts. 
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In p.aralIel with setting up the steel structure, an 80 cm diameter inclined hole lined with.concrete 
pipes was bored from the proton tunnel under the foundations of the existing experiment hall. It ends 
in a pit which had been:opened in the 50 cm’thick ahd’heavily reinforced floor by cutting and lifting 
out a suitably ‘large section of the concrete floor. 

Although not strictly part of the SINQ project but carried out as projects of their own, it is important 
to note that the rebuilding of the thick meson production’target and the upgrade of the cyclotron 
to 1.5 mA proton current are progressing well. This work was started on Jan. 3, ‘1990. .By now, all 
shielding of the relevant section of.the proton beam line has been dismantled.. The old’beam catcher 
and the old meson production target had to be removed with extreme precautions due, to their high 
level of radioactivity. The new target station has been assembled and will be put in place soon. The 
same is true for the new beam catcher, which, is ready for installation and which will be mounted as 
soon .i~s the temporary concrete block house, which was set up for the construction of the inclined, drift 
tunnel in the experimental hall, has been removed. We count on having beam again by the middle 
of 1991, quite a while before SINQ will be ready to accept it. This will allow the accelerator crew to 
do their start-up work and beam line tuning without, the extra complication of the SINQ beam line 
section. It is planned.~to work up to 650 PA rather quickly after the end of the shut down period and 
then gradually increase the beam ‘current by adding more &power to the accelerator in steps over 
another year or more. (( 

_. 

IV ONGOING DEVELOPMENT AND DESIGN,WO.RK 

Although we do not anticipate to start procurement of the target station and its auxiliaries before the 
end of 1991, there are intense planning, design and development activities -going on.’ In the following, 
only part of this work can be highlighted. 

.: _ - 
I 

IV.! Liquid Metal Target Development 
.’ ..’ ; . -: 

Research and development work for the liquid metal target and its containment. including the beam 
entry .window is a major- topic.of research. .,,. 

In this context it is important to be certain about the degree of retention of polonium and mercury in 
the lead-bismuth mixture, Literature data are very scarce and not convincingly consistent. For this 
reason we have started .our ow.nexperimental investigation where we measure the amount ,of polonium 
and mercury coming ofI the surface,,of small reactor-irradiated Pb-Bi samples. . . : 

.., 
Further experimental work in progress includes fluid’dynamics investigations in a scaled- 
down mockup including ultrasonic velocity measurements and flow visualization by different 
means /1/ 

; ‘. ..I 
,.. 

theoretical thermal-hydraulics_ studies of the flow distrib.ution. and ,heat transfer problems 
including a suitable benchmark experiment’ /2/ 

liquid metal corrosion tests of various materials 
: i. . 

measurements of the post-solidification expansion of the lead-bismuth to determine stresses 
in the target vessel in the event of a target solidification /3/ 

flow optimization of the cooling water in the target safety window ./3/’ 

irradiation tests of.a safety ,window at LAMPE /3/ j 

detailed stress analysis for shape optimization ofthe target window (operating window plus 
safety windows) /4/’ ‘. 

, 
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IV.2 Alternative Target Studies 

Although an optimized Pb-Bi liquid metal target would be the best possible solution for SINQ from 

a neutronics point of view /5/, practical considerations such as the polonium problem on the one 

hand and materials and beam size restrictions on the other have prompted us to look into alternative 

solutions using solid target materials. A series of theoretical calculations on the expected neutronic 

performance showed that, when comparing “realistic” design of the Pb-Bi liquid metal target, to 

directly DiO-cooled plate targets of Ta or W and a pebble bed target of lead shot, the unperturbed 

maximum thermal flux ratios at 25 cm from the centre line are /5/: 

Pb-Bi : W : Ta : Pb Shot = 1 : 0.7 : 0.53 : 1.17 

The reference value of 1 for the Pb-Bi is not the theoretical optimum but what one could expect to 

achieve under the existing boundary conditions. The relatively poor performance of Ta and W in our 

case is due to absorption of thermal as well as epithermal neutrons in these materials. 

In view of the relatively good performance expectancy of the Pb-shot target, this alternative is now 

being studied in more detail /6/. One consequence of a transition to a DzO-cooled target would be 

that a much more complicated DSO-circuit with purification and recombination facilities would have 

to be provided at probably higher costs than for the HzO-cooling circuit which does not intercept the 

beam. Also, the high local activation and after heat density of a stationary target is of some concern 

especially during the target exchange process. Nevertheless, a successful development of a solid target 

would be of substantial practical advantage. It will be actively pursued in particular for a day-one 

option. In this way the concept of the double safety window can be practice-tested without the risk 

potential of the liquid lead bismuth. 

IV.3 Target Block And Moderator Tank 

Detailed layout of the relatively complicated moderator tank with its double wall and its T-shaped 

penetrations for the beam tubes and cold moderators (Fig. 5) is in progress with stress analysis for 

temperature and mechanical load effects. One consequence of this analysis is that the target will now 

not be suspended from the moderator tank as originally planned but from the shielding block itself. 

The outer part of the target shielding block will be built of existing iron rods, 30 x 30 cm* in cross 

section. Due to the relatively complicated shape of the shielding block many rods will have to be 

cut to size. A suitable machine has been purchased and a computer code is being developed now to 

minimize the number of cuts and to optimize the useage of the existing material. Tests are under way 

to develop a method to fill the gaps between the rods with heavy mortar. Generally the rods will be 

put down horizontally but as a result of the plane-crash analysis mentioned earlier there will be one 

“wall” of standing rods for load distribution. The rods will be contained in a 5 cm thick steel liner 

which will have 30 cm of boron loaded concrete to reduce the dose from the keV neutrons. 

For the inner part of the shielding inside the N2- and He-containments the possibility is under inve- 

stigation of using slightly activated reprocessed scrap steel from dismantled nuclear installations. 

IV.4 Cold D2-Moderator And Neutron Guides 

Design work on the cold Dz-moderator, which will be an important feature of SINQ from the first 

day on is well advanced /7/. The concept is based on isothermal natural circulation of a liquid-gas 

mixture from the moderator vessel to the heat exchanger and of liquid in the other direction through 

concentric tubes. The thermodynamic properties of the system are now quite well understood and 

calculations pertaining to accident situations such as loss of insulating vacuum have shown that no 
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damage will result from such situations /8/. 

Four neutron guides will view the cold moderator. The guides will start at 1.5 rn’ from the moderator 
surface requiring a target block insert which allows precise alignment on the one hand and minimizes 
parasitic radiation on the other. A system of two shutters rotating about a horizontal axis perpendi- 
cular to the guides will be installed at the outside of the target block behind heavy shielding. When 
open, the shutters will bridge the gaps between the inner and outer guides by neutron reflecting chan- 
nels which, again, require precise alignment and a high degree of reproducibility /9/. 

For the coating of the neutron guides we hope to use high performance multilayer mirrors. Develop- 
ment work in this direction is in progress /lo/. 

IV.5 Beam Port Inserts 

The standard beam extraction ports in the target block will be twin ports with a separation angle of 
10’ between the two beam axes (Fig. 5). In view of the long distance from the target to the outside of 
the shielding block, an attempt was made to incorporate as many of the functions necessary for beam 
tube operation into the beam port inserts. These include: 

- beam shutters 

- filters 

- exchangeable collimators 

A design has been worked out which, as shown in Fig. 7, allows the 
each extraction channel separately and which subdivides the whole 

port inserts to be installed for 
insert into different functional 

units which can be handled independently. The units are: an inner shielding block, three shutter 
blocks, a shutter drive base and a user specific filter and collimator insert. The exploded view in Fig. 
7 shows, how these parts can be mounted as separate units. 
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Fig. 7 Vertical section through a SINQ beam port insert. The exploded view at the top 

shows the units which can be removed separately. A front view of the twin 

channel is shown at the lower right. 



V INSTRUMENT PLANNING _. 

Based on the reference value of I mA beam.on target and the lead-bismuth target as presently under 
development, we expect the neutronic performance of SINQ to be as given in Fig. 8. This shows that, 
in terms of time average thermal and cold neutron flux, SINQ. will compare favourably with most of 
the medium flux reactors, such as the various DIDO-variants, that have been successfully used for 
neutron scattering work throughout the world during the past 3 decades. 

A certain disadvantage may result from the high energy neutrons which are produced in the spallation 
process. Great care has been taken in the design of the bulk shield to keep them from reaching the 
surface of the target block. The resulting distance from ,the thermal flux maximum to the shield 
surface is 6 m. As mentioned before, part of this distance will be used to house beam shutters as well 
as interchangeable filter and collimator inserts. 

While the shutters will be standard, filters and collimators are instrument specific and will be devi- 
sed in conjunction with the respective instrument design. ;Controlling the high energy background 
contribution from the beam holes will not be an easy task. This is the main.reason, why only one 
pair of beam holes is planned to be equipped for day one operation. ]The instruments selected are 
a high resolution powder diffractometer and .a four circle diffractometer. They will use a common 
monochromator shielding block i shown in Fig. 9. ’ ,, 

:. : 3 

In this block two different concepts for variable incident energy are combined: While the HRPD will 
have a monochromator’that can be- moved to different positions to. deflect’neutrons of different en- 
ergies to the fixed position of the instrument, the 4-circle diffractometer will berotated around the 
monochromator axis as the incident energy is varied. These two concepts have been selected also in 
view of the need to gain experience working on a continuous spallation neutron source before further 
instruments are designed. 

In terms of cold neutron flux, we expect SINQ to rank among the best in the world. This is due to 
the optimized flux position of the cold moderator and the care that was taken to minimize retherma- 
lization of the cold neutrons by warm Al-windows or DSO-layers /ll/. It is therefore justified to put 
most of the emphasis in the instrumentation for day one on the cold neutron side. 

The following instruments to be built on the neutron guides have been given first priority: 

- 

Low energy transfer triple axis spectrometer 

Very high resolution time&f-flight spectrometer . 

Small angle neutron scattering facility : 

Polarized neutrons triple axis spectrometer 

Neutron-optical bench for ultra high precision_,measurements 

Diffuse-elastic neutron scattering spectrometer 

The last two instruments are included on specific user’s request. and will be mainly under users’ 
responsibility. Table 1 gives a summary of the main characteristics of the instruments planned for 
SINQ. The floor,plan of the facility-is shown in Fig. 10. , 
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Fig. 8 

Fig. 9 
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Expected spectral flux distribution at 6 m from the various SINQ moderators at 

1 mA proton current on target. For the Dz moderator no effect of neutron guides 

has been taken into account. 

High Resolution 

Powder Diffractometer 

Example of monochromator shielding for SINQ. Shown is the 

as planned for the two day one thermal neutron instruments, 

a four circle diffractometer. 

shielding block 

the HRPD and 
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Instrument High resolution Four circle High resolation Polarized High resoluting Small angle 

powder diffractometer diffractometer triple axis neutrons Time-of-flight scattering 

triple axis spectrometer instrument 

location thermal neutron thermal neutron cold neutron cold neutron cold neutron cold neutron 

beam port beam port guide guide guide guide 

monochromator Ge (hkl) PG (002), PG (002), Heusler (111) chopper mech . velocity 

cu (220) Be (002) PG (002) 3-12 8, selector 

28 mon 75 - 135 deg 15 - 90 deg 30 - 145 deg 30 - 145 deg - 

detectors 64 He-3 or linear 

scintillation 

2 dim, He-3 He-3 He-3 He-3 detector 2 dim, 

210 x 185 mm2 array 128 x 128 cells 

960 x 960 mm2 

resolution/range Ad/d = 4 - low4 

,, “, ” /I. 
special features/ ’ option: ‘position - 

remarks sensitive detector; 

vertically focussing 

monochromator; 

GdO-mylar soilers 

in front of detectors 

dilution 

cryostat; 

closed cycle 

cryostat; 

27peV’ 

,, 

1 7 PeV 0.005 + 0.5 meV 3 - 10B3 nm-’ 5 Q 
5 10 nm-’ 

counter-rotating polarization (option) 

disc choppers specimen changer 

100 + 400 Hz; cryostat; 

detector angular furnarce; 

range 10 - 135 ‘; electromagnet; 

converging 

super mirror 

Table 1 First generation instruments planned for SINQ under PSI-responisibility 



VI CONCLUSIONS AND SUMMARY 

As a continuous high power spallation neutron source, SINQ will be the first of its kind. It is expected 
to come on line at a time when operational research reactors in Western Europe continue to decrease 
in number due to the fact that most of them have been build some 30 years ago. It will not only 
be a test facility for a new source concept but will also help to fill a gap which would otherwise be 
wide open. There may be a question as to what extent neutrons will be needed in the future to solve 
specific scientific problems, but there is no question that they will be necessary. 

The rate of progress in the construction of the buildings for SINQ since it was started in August 
1988 has been impressive, considering the huge amount of concrete work that was necessary. Its 
future progress will depend on the licensing procedure that lies ahead of us, but we are confident that 
construction of the “systems” part can start in early 1992. In this case we.expect to produce useful 
neutrons in 1995. Together with the rebuild of the.proton beam line and the upgrade of the cyclotron 
to deliver 1.5 mA this is a major undertaking for the Paul Scherrer Institute and will not only require 
a substantial effort from our own project team but also active support from outside, in particular from 
potential future users. 

59 



PI 

PI 

/3/ 

/4/ 

151 

/6/ 

IT/ 

/8/ 

/g/ 

/w 

REFERENCES 
Y. Takeda and W. Fischer 

“Thermofluid dynamics of liquid metal target of SINQ” 

This conference 

B. Sigg, T. Dury, M. Hudina, B. Smith 

“Thermal-hydraulics investigation for the liquid lead-bismuth 

target of the SINQ spallation source” 

This conference 

M. Dubs and J. Ulrich 

“Design considerations of the target window” 

This conference 

G. Heidenreich 
“Preliminary thermal and stress analysis of the SINQ window” 

This conference 

F. Atchison 

“The neutronic performance of solid-target alternatives for SINQ” 

This conference 

F. Atchison and G. Heidenreich 

“A solid target for SINQ based on a Pb-shot pebble-bed” 

This conference 

H. Spitzer, A. Hijchli, G.S. Bauer, W. Wagner 

“Technical concept of the liquid Dz-cold moderator for SINQ” 

This conference 

K. Skala, H. Spitzer, G.S. Bauer 

“Theoretical thermal-hydraulic investigations of the operational 

and safety features of the cold Ds-moderator for SINQ” 

This conference 

I. Anderson, J. Ehrat, D. Suhi, W. Wagner 

“Shutter system for the SINQ neutron guides” 

This conference 

P. BGni, I. Anderson, P. Mathieu, P. Ruterana, B. Farnoux, 

J. Penrose, G.J. Herdman 

“Investigation and growth of multilayers” 

This conference 

G. Bauer 
“Some Remarks on Design Criteria and Optimization Concerns for 

Cold Neutron Sources” 

Int. Workshop on Cold Neutron Sources, March 5 - 8, 1990 Los Alamos 

USA 

60 



ICANS-XI International Collaboration on Advanced Neutron Sources 
KEK, Tsukuba, October 22-26.1990 

Status of KENS-I’ and KENS-II 

N. WATANABE 
National Laboratory for High Energy Physics 
l-l Oho, Tsukuba-shi, Ibaraki 305 Japan 

ABSTRACT 
Present status of the KENS facility (KENS-I’) is reported here especially on 
the recent progress in instrumentation. Design concept of the KENS-II target 
station is briefly described with the results of recent R&D 

I. KENS-I 

The present KENS Facility, KENS-I’, has been successfully operated since the 
last ICANS meeting. The operation time of the 500 MeV Booster synchrotron 
in the past year was about 3500 hours, and the beam time allocated for 
neutron experiments was about 1500 hours. The average proton-beam 
intensity was 1.5 x 1012 protons per pulse (ppp) or less, which was lower 
than the maximum value of 2 x 1012 ppp achieved in 1988. This is due to 
various reasons including radiation safety problems. Since about 20% of 
proton-beam pulses were injected to the 12 GeV synchrotron, the average 
proton-beam current on the neutron target was about 4 PA. Thus, the 
integrated beam intensity over the past year was about 6000 PA or less 
which corresponds only to 3 days operation of ISIS. Nevertheless, we could 
perform various important experiments. We expect that the proton-beam 
intensity will reach 2 x 1012 ppp during routine operation. The beam 
transport line in the Booster Synchrotron Utilization Facility (BSF) has been 
improved to accept such intensity with tolerable beam loss. 

The depleted uranium target has been operated trouble-free since the 
beginning of its operation in 1985. We experienced no serious problems 
with the cryogenic moderator (solid methane at 20 K) since the last ICANS 
meeting, because solid methane is renewed every two days before a “burp” 
can occur. A cold helium circulator had a problem and was repaired last 
year. The present cryostat which has been used for two years is still 
working. 
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During the last financial year, 76 experiments including 12 large proposals 
by groups responsible for the instruments were carried out. Scientists who 
visited the KENS facility spent about 4000 man-days. There are currently 16 
instruments in the KENS facility as shown in Fig. 1. There was appreciable 
progress in the instrumentation since the last ICANS meeting. The 
construction of a new small/medium angle scattering instrument, WINK, 
started in 1989 and will be completed in 199 1. The instrument was 
designed to realize a wider coverage in momentum transfer from 0.01 to 20 
A-1 with much higher data rate, hopefully more than 10 times as high as 
that of the existing small angle instrument, SAN. Figure 2 shows the layout 
of WINK which will be equipped with more than 250 conventional He-3 
proportional counters at a wider range of scattering angles from forward to 
backward. WINK was installed at the C4 beam line, sharing the beam with 
two existing instruments, LAM-40 (convential-resolution low-energy 
spectrometer) and HRP (high-resolution powder diffractometer) on the same 
neutron beam line as shown in Fig; 1. We were faced with various 
difficulties in sharing the same neutron beam by three different 
instruments, but now those are almost solved. Due to the relatively shorter 
flight path lengths for incident and scattered neutrons (9 m and 2.5 m, 
respectively), and to a lower repetition rate of the Booster synchrotron (20 
Hz), the useful bandwidth of the incoming neutrons is quite wide, from 0.5 to 
16 A, which enables the wider Q coverage mentioned above. In the last 
cycle, a preliminary measurement was performed on WINK with only one 
detector at each of 5 different angles. Figure 3 shows the result obtained 
with a measuring time of 2 hours. The result proved that the coverage in Q 
and the data rate are quite satisfactory as expected. After the full 
installation of detectors, measuring time of a few minutes would be adequate 
for a typical sample. The momentum resolution of WINK however is relaxed 
a bit at the lower Q range than that of SAN, because WINK employs natural 
beam collimation between source and sample, and the scattered neutron 
flight path length is limited to 2.5 m due to limited space. Details on this 
instrument and its performance will be presented by Furusakal) at the 
Instrumentation Workshop “Total Performance”. 

There was remarkable progress on the high-resolution low-energy 
spectrometer, LAM-80. The LAM-type spectrometers*) are the inverted 
geometry instruments, developed by a famous Japanese neutron “Artist” 
Prof. Inoue, which have large analyzer mirrors composed of a large number 
of small analyzer crystals, LAM-80 has been improved twice. Firstly, all 
analyzer crystals of pyrolytic graphite were replaced by mica. This provided 
much better energy-resolution but with lower data rate (about one third). 
Then, the height of mirror was increased to realize a larger solid angle 
between sample and analyzer, and the number of mirrors was also increased 
from four to eight. As a consequence of these improvements, higher 
resolution with higher data rate were realized. The spectrometer is now 
called LAM-80ET. In order to confirm the performance of this machine, we 

62 



performed a measureme,nt on reorientational tunneling. As a standard 
sample, N-oxy-y-picoline was measured at $5 K. Figure 43) shows the result 
which demonstrates the superiority of LAM-80ET. In the present 
experiment, the 004 reflection of mica crystal was used to define the final 
energy (Ef) of the scattering process (Ef-0.82 meV). The energy-resolution is 
about 5 PeV with a very wide: energy- window of more than 1 meV. Signal- 
to-background ratio is excellent. Note that the measuring time -was only 8 
hours with a proton-beam current of only 3 JJA. We are convinced that 
LAM-SOET is one of the best spectrometer in the world in this energy range; 
it is well competitive with IRIS at ISIS operated at 100 PA and IN5 in ILL 
Grenoble. 

The total scattering spectrometer for S(Q) measurements of liquids and 
glasses, HIT, has been one of the most productive instrument since the 
beginning of the KENS facility, but now it is the oldest instrument. It has 
been strongly requested to update this instrument. The construction of a 
new instrument, which is called HIT-II, was thus decided. HIT-II was 
designed to have much better momentum-resolution at smaller scattering 
angles with higher data rate, as in GLAD at IPNS and SANDALS. at ISIS. The 
scattered flight path length, L2, is shorter than in the latter. two due to 
limited space in the. experimental hall, consequently resulting in relaxed 
resolution. HIT-II will have a ring detector bank at forward angles between 
10” and 20” in 26, which is composed of 72 normal He-3 proportional 
counters, and arrays with 80 counters at higher scattering angles. L2 of the 
forward ring detector bank is about 1.2 m. The momentum resolution (AQ/Q) 
of this detector is about 2.5%. HIT-II will be completed by the summer of 
1992. 

The high resolution powder diffractometer, HRP, is also one of the most 
productive and busiest instrument at KENS, although it is a prototype 
instrument equipped with only 12 normal He-3 prop.ortional counters. 3 The 
construction of a full-scale instrument is now indispensable. We decided to 
construct a new instrument, HRP-II, which is designed to realize much 
higher data rate with Ibetter resolution. The instrument will have large 
counter banks, at backward, 90” and lower angles, all being composed of lD- 
PSD’s as GLAD at IPNS. The ,data rate of the backward counter bank is 
expected to be about 5 times- higher than that of the present- instrument, 
with better resolution of about 0.2% in Ad/d which shall be compared to 0.3% 
in the present instrument. The 90” counter bank -will be composed of three 
arrays of lD-PSD’s at three different azimuthal angles in order to cover a 
wider range of azimuthal angle. This counter bank will be useful not only 
for industrial applications such as texture ,measurements and strain 
measurements, but also for .diffraction under high pressure, etc. The 
maximum d-spacing covered by the backward counter is 5A with a total 
flight path length of 20 m and repetition rate of 20 Hz. The forward counter 
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bank at 28=17’-40” can extend the d-spacing up to 30 A. HRP-II will be 
completed by the summer of 1993. 

A reflectometer is one of the most useful instrument at pulsed spallation 
neutron facilities. As an option of TOP, the polarized cold neutron 
instrument at KENS, the development of a reflectometer using polarized cold 
neutrons is in progress. By using the second frame of the KENS period of 50 
ms, a wavelength scan up tp 18 A becomes possible. Preliminary, but very 
promising, data are being obtained. 

One highlight of the scattering experiments recently achieved was neutron 
diffraction under high magnetic field. Scattering under extreme conditions is 
one of the most promising fields of research using pulsed neutrons. 
However, we have never performed such an experiment. The maximum 
magnetic field so far used in neutron diffraction was below 10 T. As a first 
step of high field experiments, a Kobe University group developed a pulsed 
field instrument which can produce a high magnetic field up to 20 T every 2 
set with a pulse duration of about 1 ms. Neutron diffraction from a single 
crystal of metamagnetic PrCo$i2 was measured under various high magnetic 
fields on the MRP diffractometer at KENS. The pulsed magnetic field was 
phased to the neutron pulse. When the neutrons of a specific velocity 
satisfying the Bragg condition arrive at the sample, the magnet is pulsed. 
PrCozSi2 shows a complicated phase transition, a so-called successive 
magnetic phase transition, as shown in the magnetization curve (Fig. 5)4). 
The result proved that the proposed spin configurations (Fig. 6)4) are correct. 
Details on this topic will be presented by MotokawaS) at the Instrumentation 
Workshop “Sample Environments”. 

II. KENS-II 

KENS-II is a next generation pulsed-spallation-neutron-source in Japan for 
condensed matter research and partly for fundamental physics. KENS -II was 
first proposed as a part of the GEMINI (Le Generatour B Meson Intense et 
Neutron Intense) project and then combined with a Hadron project proposed 
by a nuclear physics group. The joint program is called the Japanese Hadron 
Project (JHP) which is aimed at exploring various research fields using 
various kinds of unstable secondary beams based on high intensity protons 
from a new accelerator complex. Neutron scattering is positioned as an 
important part of four major fields as shown in Fig. 76). After significant 
discussions and compromise between four research fields, we decided, as a 
first phase, to construct a 1GeV H’ linac and a compressor/stretcher ring 
(and a heavy-ion linac for exotic nuclear beams). The layout of JHP is shown 
in Fig. 8. The proposed site for JHP is located at the forest adjacent to the 
southern boundary of the present KEK site. 
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JHP was authorized by the Science Council of Japan almost three years ago, 
but is still under examination by Monbusho (The Ministry of Education, 
Science and Culture, Japan), and by University of Tokyo, because JHP is 
dependent on the conversion of the Institute of Nuclear Study, University of 
Tokyo, to a new national laboratory as KEK. We are expecting to have an 
answer at latest by next spring. The main ,parameters of the 1GeV linac and 
the compressor /stretcher ring are summarized in Table 16). There is 
remarkable progress in the R&D of the 1GeV linac, on which Kihara7) will 
give an invited talk. The compressor/stretcher ring delivers two bunches of 
proton beams-a 200 ns pulsed beam for the neutron scattering facility and 
20 ns pulsed one for the meson science facility. Figure 9 shows the structure 
of circulating beam and a scheme of proton beam delivery. 

We are aiming to realize the world’s best pulsed-spallation-neutron-source 
with a proposed accelerator for JHP, which is comparable to those in the 
existing large scale facilities. The design goal of the proposed source is as 
follows: 
(1) the world’s brightest pulsed-cold-neutron-beams; 
(2) bright and narrow pulsed thermal/epithermal neutron beams, at least 

comparable- to those at existing intense pulsed-neutron-sources; 

(3) wider range of neutron spectra; 
(4) as many neutron beam lines as possible. 
There are increasing .demands for the use of neutron beams in various fields, 
but the total number of available neutron-beam-lines in an existing 
spallation neutron facility is much smaller than that in a high flux reactor. 
Another important problem which must be solved for extending the neutron 
beam technique to various research fields including industrial -applications is 
that neutron beams from an intense source are very expensive. In order to 
solve this problem to some extent, we decided to adopt a vertical proton- 
beam-injection scheme rather than a horizontal one as used at present KENS, 
IPNS and ISIS. The total number of neutron-beam-lines is mainly limited by 
available opening angle around the target station. The removal of the 
proton-beam-line in the -experimental hall with it’s massive shielding will 
provide additional neutron-beam-lines as illustrated in Fig.. 10. This scheme 
will bring about a considerable cost saving since proton-beam-line shielding 
in the experimental hall is very expensive. The -amount. saved. can well 
compensate the additional cost for a large 90°-bending magnet in the 
primary proton-beam-line and extra overhead shielding of the target station. 

In a vertical injection scheme, there is .another important merit, in that we 
can take full advantage of the so-called .-“flux-trap type moderator”8). We 
carefully compared. by computer simulation the slow-neutron beam intensity 
from a flux-trap moderator with that from a ‘traditional .wing-geometry type 
moderator and proved that the former can provide 1.3-1.4 times higher 
intensity of .; slow neutrons than. the latter. This is a very important 
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conclusion. Details on this topic will be. presented by Kiyanagig) 
Station Workshop “Cold Neutron Sources and Moderators”. 

Now let us consider what kind of cold neutron source would be the most 

at the Target 

promising. It has long been believed that pulsed spallation neutron sources 
are not as advantageous as reactors for cold neutron experiments, especially 
for small-angle-scattering. This is mainly due to the fact that the time- 
averaged cold-neutron-beam-intensity from pulsed-spallation-neutron- 
sources are not adequate. The situation is gradually changing; for example, 
KENS has shown the usefulness of pulsed- cold neutrons in various 
experiments even with its lower intensity, and LANSCE has proved that LQD 
(SANS instrument) can compete with Dll at ILL Grenoble within a certain 
range of Q. WINK at KENS is in the same situation. The lower time-averaged 
cold-neutron-beam intensity is natural because the .-duty cycle of a pulsed- 
cold-neutron-source is only -5x10-3, and the peak flux is to the utmost 
comparable to a high flux reactor. The problem which we want to point out 
is the lower conversion efficiency (from fast to cold neutrons) in the existing 
large scale pulsed-spallation-neutron facilities. This is also very natural 
because in those facilities decoupled liquid-hydrogen-moderators are used, 
which can provide narrow pulses of cold neutrons but lower time-averated 
flux. We studied what characteristics are important for a pulsed-cold- 
neutron-source in various scattering experiments. We concluded that the 
figure of merit (FOM) -of a -pulsed cold neutron source for small angle 
scattering is, to a first approximation, proportional to the time-integrated 
intensity per pulse and independent of the repetition rate and the pulse 
width in a realistic range, while for high resolution spectroscopy it is 
proportional to -the pulse height and again independent of the repetition rate 
and the pulse widthlo). 

Based on this result, we looked for various candidates and finally found t,hat 
a coupled liquid-hydrogen-moderator with an appropriate hydrogenous 
premoderator at room temperature is the most promising among various 
realistic moderators * 1). Our preliminary experiment was very encourgingl2). 
Thus, we continued. further optimization experiments on. this type of 
moderator and proved that a very large gain factor relative to- a traditional 
decoupled liquid-h-ydrogen-moderator can be obtained with rather modest 
pulse-width broadening. Measured spatial (vertical) distribution of cold 
neutrons on the emission surface of the proposed moderator- in a wing 
geometry is compared with two typical decoupled cold moderators in Fig. 11. 
The result demons-trates the superiority of the proposed moderator-two 
times higher flux than solid methane at 20 K, the best decoupled cold 
moderator. Details on this topic will be presented by KiyanagilS)ld) at the 
Target Station Workshop “Cold Neutron Sources. and Moderators”. 

The design 
a vertical 

concept of KENS-II is based on the flux-.trap type moderator with 
proton-beam injection scheme and the coupled cold moderator 
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mentioned above. In- addition- to_ these two, we- -proposed a new concept for 
the target station which has two separate target-moderator-reflector 
assemblies, as illustrated. in Fig. 12,. with a-- new scheme of proton-beam 
deli-very. For every S -.pulses (100, ms), a pair. of double pulses from the 
compressor/stretcher ring is delivered to .:Target-1 (dedicated ., to . . the cold 
neutron. source), with the other. 4 pulses of single pulse being fed: to Target-2 
(dedicated: to the d ecoupled moderators :for narrow. Ipulses of.. thermal- .-and 
epithermal neutrons)lu). Both can be optim.ized independe:ntly.,, The new 
system with the: proposed proton-beam delivery scheme can bring about 
several times better overall .performance than a traditiorql- single ‘assembly 
of all decoupled moderators in wing geometry with a horizontal proton-beam 
injection scheme. Details on this idea will be presented by Watanabe151 at 
the Target Station Workshop “New Concept in Target-Reflector Moderator 
Systems”. 
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Table I Principal parameters of proton Accelerator for JHP 

Energy 
Linac 
1Gev 

Compewssor/stretcher 
1GeV 

Average current 400pA 200pA 

Repetition rate 50Hz 50Hz 

Peak current 20mA 

Pulse width 4oops 200ns 
(for neutron exp.) 

Size 500m long 54m in diam. 

Q(G.J.Russell): Have you considered putting moderators upstream of the fast target? 
A(N.Watanabe): No, we have not. 
Q(A.D.Taylor): On a green field site, with a solid target, would you still use vertical injection? 
A(G.S.Bauer): Yes, I would. There is the advantage of a 2x region to be used for neutron beams. The cylindrical 

geometry is just very convenient and also the possibility of vertical target movement for exchange is a big 
advantage. Of course, design of the beam line needs thorough consideration. 
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ICANS-XI International Collaboration on Advanced Neutron Sources 
KEK, Tsukuba, October 22-26.1990 . 

STATUS OF THE,ADVANCED NEUTRON SOURCE 

John B. Hayter 
Oak. Ridge National Laboratory 
FEDC/MS-8218 
P.O. Box 2009 
Oak Ridge, ‘IN 3783,1-8218, U.S.A. 

ABSTRACT 
Research reactors in the United States are becoming more and more outdated, at a 

time when neutron scattering is being recognized as .an increasingly important 
technique in areas vital to the U.S. scientific and technologi&l future. The last 
U.S. research reactor was constructed over .25 years ago, whereas new facilities 
have been built or are under construction in ,Japan; Russia and, especially; 
Western Europe, which now has a commanding’ lead in this important field. Concern 
over this situation in the early 1980’s by a number of organizations, including 
the National Academy of Sciences, ‘led to a recommendation that design work start 
urgently on an advanced U.S. neutron research. facility. This recommendation _ is 

realized in the Advanced Neutron Source Project. The centerpiece of the Advanced 
Neutron Source will be a new research reactor of. unprecedented flux (>715xlOi9 
m-2.s-r), equipped with a wide variety of state-of-the-art spectrometers’ and 
diffractometers on hot, thermal, and cold neutron beams. Very cold and ultra&d 
neutron beams will also be provided for specialized experiments. This paper will. discuss 
the current status of the design and the plans for scattering instrumentation. 

I. INTRODUCTION 

Neutron scattering was pioneered by _C. G. Shull a&‘E. 0. Wohan at the X-10 (natural 
uranium) graphite’ reactor at Oak Ridge National Laboratory about half a century ago. 
The flux available,, although low (l-1016 m-z-s-r),’ was sufficient to show the ‘importance 
oft neutron scattering as a fundamental technique in materials science. Many reactors of 
increasingly higher’ flux were’ designed and. built in the 1950’s and 1960’s, culminating 
with the high flux reactors at Brookhaven National ‘Laboratory (HFBR) and at Oak. Ridge 
National. Laboratory (HFIR) in the United States; and at the Institut Laue-Langevin in 
France; all of these reactors. offer fluxes of order 1.5 l 1019 m-2. s-1. However, while new 
research ‘reactors have ‘either come on-line .(or are about to’ come on-line) since _ that 
time in Western Europe, Japan; and Russia, it, is now about 25 years since the last 
research reactor was constructed in the United States. By the late ‘1970’s, it was clear 
that the lead in the field of neutron scattering. had passed’ decisively to ‘Western 
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Europe. In 1983, the National Research Council reviewed the needs of neutron scattering 
per se [l] and the neutron scattering facilities existing in the United States [2]. 

The major facilities review concluded that a new, steady-state high-flux neutron 
facility was a high priority requirement for the United States, and recommended that 

design begin immediately. Among the factors contributing to this recommendation was the 
age of existing reactors, the evident European leadership in a field in which the U.S. 

had been predominant, and the important (and often unique) future applications of 

neutron scattering in many important areas of condensed matter physics, polymer and 
colloid science, metals, alloys and ceramics, chemistry, biology and medicine, and the 
earth sciences. The detailed needs of the community, as defined in several major 
workshops [3-S], helped to define the Advanced Neutron Source project. The fundamental 
project objective is to design and construct the world’s highest flux research reactor 
for neutron scattering, together with state-of- the-art instrumentation. The reactor 
will also provide isotope production and materials irradiation facilities which are as 
good as, or better than, any presently operational source. 

II. THE NEUTRON SOURCE 

The sine qua non of the new facility is a reactor which can provide a flux at least five 
times higher than any existing neutron beam reactor, while meeting extremely stringent 
safety requirements. To this end, it was decided to base the design as much as possible 
on existing technology (although advantage will be taken of any gains from new research 
and development), and to carry out probabilistic risk assessment simultaneously with 
design; the latter is a first for such a project, and reflects the fact that safety 
considerations are of primordial concern. A major achievement of the project has been 
the completion of the preconceptual nuclear and thermal hydraulic design of the reactor, 
showing that the objectives can be met with a safe design. The key feature has been to 
choose a coaxial, split-core in which the two halves are axially displaced and separately 
cooled (see Figs. 1 and 2). The reactor volume of 67.4 L contains 18 kg of BsIJ (93% 
enriched) in the form of involute plates of II.& in an Al matrix. The unperturbed peak 
thermal flux generated in the reflector is of order g-1019 m-2. s-r at a power of 350 MW. 
The reactor core is cooled by a heavy water primary coolant loop, with coolant upfow. 
The choice of upflow provides a very desirable added safety feature, since it ensures an 
immediate transition to natural convection cooling (without any time delay for flow 
reversal) in the unlikely event of rupture of the primary circuit at a point which 
forestalls compensation by the independent backup circuit. (It should be noted that the 
normally low probability of major pipe rupture is being further reduced by designing for 
leak-before-break, with continuous leak monitoring.) The maximum coolant outlet 
temperature is 98”C, so that boiling will not occur on loss of pressure. 

The reactor is controlled by four hafnium control rods in the central core channel. Each 
rod is provided with an independent scram mechanism, and any three of the four are able 
to shut down the reactor. A second, independent, shutdown mechanism is provided by eight 
shutdown rods placed outside the core. Each rod is again provided with an independent 
scram mechanism, and any seven of the rods are sufficient for total shutdown. Thus, the 
reactor may be shut down, even if there is total failure of one complete set of 
independent scram mechanisms, and partial failure of the other. 

There are six major types of experimental facilities in the reactor assembly (Fig. 2). 
Materials irradiation (for example, for fusion research) takes place in capsules placed 
inside the upper fuel element, while transuranium elements are produced in targets just 
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Figure 2. The ANS reactor assembly. 

78 



outside the lower fuel element. One of the achievements of the core design is that these 
facilities, which provide appropriate fast and epithermal neutron spectra, have minimal 
effect (~2%) on the fluxes of the neutron ‘beams to the experiments. The large volume of 
high thermal flux available in the reflector tank is well suited to isotope production 
and analytical chemistry operations. To accomodate’ these activities, various experiment 
holes and “rabbit” tubes penetrate the top of the reflector tank. Four vertical and two 
slant holes will provide a range of thermal fluxes for isotope production; these holes 
will be complemented ‘by four hydraulic rabbit tubes, and at least four pneumatic rabbit 
tubes for materials analysis. 

Neutron beams are extracted from the reflector by beam tubes which penetrate either into 
the peak thermal flux region (about 400 mm from the core centerline), or terminate at 
the graphite hot source at the reflector tank wall. The hot source is one of two types 
of spectral convertor ‘which are placed in the reflector to tailor beam energies for 
specific applications; conversion‘ to sub-thermal energies is accomplished by two 

liquid-D2 cold sources. Cold neutrons are transported by horizontal neutron guides into 
a neutron guide hall adjacent to the containment building, or by slant guides to the 
second-floor beam room. _ 

III. NEUTRON SCATTERING FACILITIES 

There will be -three user halls provided for experimental work at the ANS (Fig. 3). 
The Ground Floor Beam Room will provide “conventional” access to thermal and hot neutrons 
from the reactor via. horizontal beam tubes terminating at the outside of the biological 
shielding. Inclined beams .,and certain other’ services, such as rabbit tubes, will terminate 
on a higher level in the Second Floor Experiment Room. Very cold and ultracold neutron 
research will take place on this level, as well as such activities as neutron depth 
profiling and some of the fundamental and nuclear physics work The third main experimental 
area is the Neutron Guide Hall, which will provide the primary instrumentation for cool 
and cold neutron research. The layouts presented below are tentative,! as they are designed 
to accommodate today’s needs and priorities -[3,4].’ 

Ground Floor Beam Room. - The ground floor beam room layout is shown in Fig. 4. 
This layout currently assumes that, apart from a single through tube for nuclear 
physics, all beams will lie in the same plane; as neutronics calculations evolve, it may 
become necessary to stagger the beam heights alternatively above and below this 
reference plane, to minimize flux perturbations due to the beam tubes themselves. 

Thermal beam scattering instruments for diffraction include 4-circle diffractometers on 
a thermal tube (Tl) or guide (T2). A polarized beam is earmarked for single crystal 
diffraction (T3), but, in general, .it is expected that polarized neutrons (and polarization 
analysis) will be routinely- available whenever warranted on -any instrument on the ANS. 
High resolution (T4) and high intensity (T5) powder diffractometers and two diffuse scattering 
spectrometers (T6/7) complement the single crystal instruments. Inelastic spectrometers 
are time-of-flight (T8)’ or ‘3-axis (T11/12). 

The hot source provides beams to a high energy transfer 3-axisspectrometer (H3), a high 
momentum transfer single crystal diffractometer (Hl), and a general purpose high incident 
energy diffractometer (H2) for studies of liquids and amorphous materials. 

Neutron Guide Hall. - The guide hall building (Fig. 5) is a wedge-shaped, single 
floor structure contiguous with the reactor containment building and office/laboratory 
complex. Two polar segment cranes will serve the guides and instruments. The guide 
shield 
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structure reaches out to a distance of about 50 m from the reactor axis, and the experiment 
area extends a further 60 m. Apart from the two extreme guides, which serve special 
positions for nuclear physics (L12) or materials analysis (D16), the guides will generally 
be straight, so that cool as well as cold energies will be available. It will be noted that 
about one third of the experimental stations are for nuclear or fundamental physics; only 
the scattering instruments will be described here.. 

The most prevalent elastic scattering instruments -are the small-angle neutron 
scattering cameras (D3-6, Ll, L2, Lll), which offer varying degrees of resolution, and 
at least one of which will have reflectometer capabilities for surface studies. Diffuse 
scattering and high resolution powder diffraction will be available (L5, L6), together 
with a general purpose -area detector for efficiently scanning large regions of 
reciprocal space, for example, to study’ incommensurable lattice .structures. ,A specially 
isolated mounting (to screen .thermal and acoustic noise) will be provided for a neutron 
interferometer station (L7). 

Conventional, variable IL,, focussing monochromator cool and cold 3-axis spectrometers 
will be the workhorses for inelastic scattering studies. in the guide hall (Dll, D12, LS, 
L9, LlO), together with multichopper (Dl) and time focussing (D9) time-of-flight 
spectrometers. Higher resolution inelastic studies will use. backscattering (L4, DlO) or 
neutron spin-echo (D2) as appropriate. 

Second Flock Experiment Room. - The main purpose of the second floor of the 
containment building is to provide experimental areas for users of the inclined beams 
and guides (Figs. 3 and 6). The prototypical layout. shown in, Fig. 6 demonstrates several 
key features, of which the most notable is- the division of the area into two zones, one 
secure, the other general access. This is a particular example of the general site 
philosophy adopted for the ANS plant: separation of reactor operations from experimental 
areas, .‘so that users may have straightforward access to their experiments -and related 
areas (such as chemical laboratories), without requiring access to high security zones. 
One important role played by the second floor beam room will thus be. to’ accommodate 
those experiments which have more commonly been situated- in the reactor operations areas 
of other reactors (such ,as the ultracold neutron facility at ILL, Grenoble). 

Current plans call for each cold source to be fitted- with- an .inclined; curved guide 
(Fig. 3) for very cold neutrons _ (VCN). .It .is- likely that one of’ these will be used 
directly while the other will be- used. as a feed for an ultracold (JJCN) source (Fig. 6). 
A cold slant gurde will provide a station for neutron depth ‘profiling (NDP), which is a 
sensitive means of 1 measuring concentration vs depth profiles .-by using reactions such as 
rOB(n,a)‘Li and detecting the resulting charged. particles, whose range is a strong 
function of the distance they must travel in the surface being probed. NDP, which is 
quantitative and non-destructive, 
microelectronics; 

is applicable to a variety of technologies, such as 
optical signal processing, ultra- light alloys, and surface-modified 

materials. 

A novel- possibility for the ANS is to provide isotope separation on-line (ISOL). 
In this technique, a fission-fragment mass separator is used as the front end of an 
ion-implantation accelerator, providing a number of unique ions for studies of electron 
emission, channelling, and hyperfine interactions associated with ion-implanted radioactive 
atoms. Since charged beams are involved, they may be transported to ancillary equipment 
situated at some distance from the reactor. 

83 



Steel inner 

Concrete 

Primary pump cell 

ant thermal beam 

Emergency heat exchanger 
(below main heat exchanger) 

Heat exchanger cell 

outer containment 

Heat exchanger 
maintenance area 

Figure 6. A possible arrangement of the Second Floor Beam Room. 



Iv. PROJECT SCHEDULE 

The conceptual design ‘phase of the ANS project will be finished towards the middle 
of 1991. Conceptual design embraces, apart from the key engineering elements, the choice 
of a site which meets all environmental criteria, ‘ and the considerable . plant and 

equipment associated with the research activities planned at the ANS, for example 
offices, workshops and laboratories, library and conference rooms, et& The, next stage 
is preliminary engineering design, and if approved this would lead to ‘a complete design 
by 1993, with construction currently planned to start in 1994. If the schedule. is 
maintained, this will lead to reactor operation in late 1998, and will take the U.S. 
materials science community into the next millenium with the world’s best facility of 
this type. 

Oak Ridge National Laboratory is operated by Martin Marietta Energy Systems, Inc., for 
the U.S. Department of Energy, under Contract No. DE-AC05840R21400. 
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Q(P.A.Egelstaff): Have you considered a l/E source, for example a light water source next to the core? 
A(J.B.Hayter): We have so far done very little work on the conceptual design of the hot source. A l/E source 

would certainly be worth considering. 
Q(A.D.Taylor): What instrument do you envisage on the hot source and how will it be complemental by 

spallaltion-source constitution? 
A(J.B.Hayter): We currently envisage a 3-axis spectrometer, a single crystal diffractometer and a liquids 

diffractometer. The interest in the last instrument is to be able to extend the datato low-Q, so as to see liquid 
specific structure. 

Q(R.Pynn): It is not clear to me that your figure of merit - total number of neutrons on total number of samples 
is the right one to use. Is it really to multiply flux by beam size by number of beams to get a fugure of 
merit? 

A(J.B.Hayter): Yes, because the number of neutrons on samples is a measure of the information we can expect 
from scattering experiments at the ANS. The change from using only l/3 of the guide height for each 

instrument at ILL to using the full height is an example of putting this concept into practice. 
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Q(G.S.Bauer): Is neutron scattering the main objective for construction of the ANS. in confront to the situation, 
when I-FIR was built? 

A(J.B.Hayter): Yes. The pressure to build the ANS originated with the neutron scattering community, and the 
highest priority optimization is for neutron scattering. 

Q(G.S.Bauer): How often do you envisage you will have to change the wall separating the moderator from the core 
coolant and how much effort will that be? 

A(J.B.Hayter): The question of whether the core pressure boundary tube will be changed each cycle, or less often, 
is currently under active study. 
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Neutron facilitieg of Moscow meson and kaon. factories. 

Yu. Ya. Stavissky, Institute for Nuclear Research 
USSR Academy .. of Sciences. 

The questions of new generation of intensive pulse neutron 
sources for elementary interaction physics, neutron nuclear 
physics, solid state and radiation physics, qh the base of 
Moscow meson and projected kaon factories are discussed. 

The neutron studies allow to obtain. a unique information qn 
fundamental questions of elementary interaction physics, on, the 
properties and the mechanism of nuclear reactions, on the structure 
and the properties of the condensed matter. 

The studies in neutron low energy range (cold, thermal and 
resonance neutrons) are of special interest. 

The neutron studies development is strongly related to new 
neutron sources, which can allow to increase the neutron 
experiments luminosity. 

till now - the main volume of neutron studies were carried 
high-flux research reactors. Due to’ some reasons (limitation 
fuel heat release density, overloads, the 

for increasing’ 
safety problems) 

neutron 
2-340” 

flux ‘!J such, reactors 
The 

is 
flux density n/s+cm on the moderator 

“radiating“ into the neutron channel of a 
power (for example, 

high-flux 
reactor of ‘c 100 MW ILL-reactor, 
or “PIK” reactor, being constructed at LNPI, Catchina) is 

UP 
out on 
of the 
possibility 
limited. 
surf ace, 
research 
Grenoble, 
close to its top limit. 

Because of these circumstan&s, in the 60’3, the sugg&tjon 
was made at Canada, Chalk River, to’ use the sp&tion prbcess with 

1 GeV protons to obtain .slow neLtro!s fluxes. i‘he “Canadian 
design” is well known - a; neutron source on tj$ base. of 65 mA, 1 
GeV separated-orbits cyclotrons with the liquid-metal target (Pb-Bi 
eutectics) and the heavy-water moderator /l/. 
n,s cmpe ,,. calc&ated neutron. flux density value was about 10” 

. in system. Fe ca@ilated neutron flu% density. value 
for the system with a circular tungsten water-cboled target and the 
beryll&m moderator (Obninsk, 1970, 121) reached the value of about 
1.5.10 n/s.cm2, the current of 1 Gev protons being 100 mA. 
However, the development of medium-energy proton accelerators for 
the currents about hundreds of milliamp&s. encounters great 
difficulties (energetics, exploitation, capital investments); 
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therefore the only neutron source SINQ /3/, based on this scheme is 
currently constructed in Paul Sherer Institute (PSI, Schwitterland) 
with 1.5 mA current of 600 h#V and, accordingly, with 
thermal neutron flux density of 1.5-2.10 

psotons 
n/cm .s. 

The wide application of time-of-f light technique in neutron 
experiments opened the way for the development of intensive pulse 
neutron sources on the base of electron accelerators and pulse fast 
reactors /4/. However, the average neutron intensity from electron 
accelerators is relatively low. The development of pulse reactors 
didn’t allow the sufficient increase in neutron experiments 
luminosity - the powerful pulse reactor “IBR-2” is close to 
high-flux research reactor (ILL-“PIK” /6/l by its experimental 
abilities. 

New possibilities for neutron studies development are opened 
while using medium- and high-energy proton accelerators for pulse 
neutron sources creation. The use of charge-exchange injection in 
proton sinchrotrons and storage rings proposed firstly by L. Alvarez 
n/ and implemented by A. M. Budker with co-workers /8/ is of 
principal importance in this case. 

In the beginning of 60’s in the Institute of Nuciear Physics, 
Novosibirsk and Physical-Energical’ ‘Institute, Obninsk the pulse 
neutron source on the base of 0.5 GeV fast-cycling proton 
synchrotron with single-turn ejection onto the natural uranium 
target was worked out /9/. number of facilities are 
operating on this’ 

Currently, a 
scheme basis. These are: IPNS, Argonne 

laboratory; KENS, Institute of High-energy physics, Tsucuba, Japan; 
ISIS, Rutherford laboratory. In another scheme the proton storage 
ring with the single-turn used to linear 
accelerators macropulsis t0 

ejection is compress 
short proton bursts on the neutron 

target /lO/. This scheme is used in the following facilities: 
LANSCE, Los-Alamos; MMF-0,6, INR USSR AC. of SC. (in construction); 
SNQ, Julich (project); KENS-II, KEK, Tsucuba (project I. High-energy 
protons from high-current synchrotrons of tens GeV - kaon factories 
being projected in a number of Iaboratories (Los Alamos, KEK, 
TRIUMF, INR AC. of SC. USSR), are of special interest. Some time. 
ago R. R. Vilson suggested to use the spallation. process based on 
high-energy protons for electro-nuciear breeding - the nuclear fuel- 
production on the accelerators /12/. However, the energy losses, 
associated with the electron-photon showers in the target matter, 
initiated by x0-mesons, cause 1.5-2 times decrease in nuclear fuel 
yield for proton energy unit, compared with 1.5 GeV protons. 
Therefore the high-energy protons use for electrobreeding looks 
rather doubtful. This circumstance is .not so important for creating 
intensive pulse neutron sources /13/. 

The neutron source facility of INR meson factory (Figs. 1, 21 
/14/ involves the puIse neutron s.ource for the beam time-of-f light 
experiments,. time-moderation ’ lead spectrometer, the 
quasi-stationary source of thermal and cold neutrons for the 
studies with time selection of fast neutrons background, the 

channels, 
proton 

beam dump with which. allow one to carry out radiation 
studies and to produce. radionuclides in proton and neutron fluxes. 

The pulse neutron source includes the array _ of uranium rods, 
covered with stainless ‘steel and. cooled by water (Fig.31. For full 
proton current (500 pAI, the heat release in the target reaches 
about 1 MW. During the first research stage it is planned to use 
metal tungsten, formed as an array of plates. The target is 
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ad joined by water and liquid-hydrogen moderators, “radiating” into 
the biological shield channels. The possibility to use the 
multiplicating target made of u-235 with the limited multiplication 
(up to about 20) for thermal and cold neutron studies ‘is under 
investigation AS/. The channels of 200 mm diameter allow one to 
set collimators, providing the required experiment geometry. The 
channels come through the vertical wells on the distance of about 
4.5 m from the target; wells are intended for the experimental 
equipment. The channels are equipped by the guillotine-type gates. 
The external neutron channels going through the neutron 
experimental hall, provide the flight path up to 500 m long. 

4-l -I 
I I 

Fig. 1. Linear proton accelerator and experimental area of the 
Moscow meson factory. 1. Linear proton accelerator. 2. Proton 
storage ring. 3. Pulse and quasistationary neutron sources. 
4. Time-moderation neutron lead spectrometer. 5. Proton beam 
dumps. 

The proton current time structure in the accelerator is a 
sequence of 100 ps pulses following with the repetition rate 100 
PPS. To decrease the neutron pulse width up to OS-30 us the beam 
interruption system after the ion source is used (with the 
corresponding intensity loss), or the proton storage ring with the 
charge-exchange injection of l-I- ions and the single-turn proton 
ejection onto the pulse neutron source target /lW. The storage 
ring allows one to form proton and, correspondingly, neutron pulses 
about 300 ns long almost without any intensity losses, and more 
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short pulses with the according intensity loss. 
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Fig. 2. Central part of the neutron. .facility. 
1. Proton beams. 2; Heavyzwater ‘_ moderator with liquid-deuterium 
vessel. 3. Channel of n - n experiment. 4. Vacuum vessel of _ the 
pulse neutron source. 5. Heat shield. 6. Biological shield. 7. 
Horizontal channels .with gates. 8. Vertical wells. 

The pulse neutron source allows one to develop a wide range of 
studies on nuclear reactions properties Al/. Particularly, the 
studies on the space parity violation problem in neutron reactions 
in the separated resonances with the help of wide-aperture neutron 
polarizer are. planned. The. -high neutron source intensity will allow 
one to study the partial- processes in 
to obtain such phenomena detalization, 
to now only in thermal neutron 
cross-section measurement (gamma-ray 
the f issibn process .studies, including 
and polarized neutrons, the studies, on 

the separated resonances and 
which has been possible- UP 

experiments or in total 
spectra of -neutron capture, 

the oriented nuclei targets 
n,p- and’. n,cx- reactions in 

1 the separated resonances of known nature etc.,. 
The interesting possibilities are opened by 

time-moderating ‘ lead 
using 

spectrometer /17/, based on grouped proton 
beam, which aliow one tom study some “low-background” 
(fission, n,p- 

processes 
and nor-reactions; for example) at 

For example, heavy ‘. .nuclei 
high intensity. 

fission cross&section measurements could 
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be carried out on 1O-11 to’ lo-l2 gram samples. 

Fig. 3. Pulse neutron 
l.Neutron 
Vacuum vessf?Yt’Shie?&g 

. . 
. . 

source. . . , : 
Moderators.” 3. Moderator’s’ _, reflector. 4. 
plug. 6. Vacuum seal. 

The pulse neutron 
.,. 

source Will +~~ow .one : to. expand sufficiently 
a potential of experimental. .studies , on solid state physics. The 
high pulse and average ‘densities of. thermal and .. cold neutrons allow 
one to perform experiments with luminosity considerably 

-‘The. 
exceeding 

that of stationary and- ‘1 pulse reactors. measurements of 
dispersion relationships’ for elastic coherent thermal neutron 
scattering with the help of time-of-flight spectrometer with the 
inverse geometry were considered as an example. The calculations 
showed /18/ the total luminosity to be several tens times higher, 
than that for three-crystal spectrometer on high-flux research 
reactor ILL (Grenoble). 

Short neutron pulses in the electron-volt region will open 
unique pos,si.bilities for the , high-energy phonon and electron 
excitation spectroscopy. 

The quasi-stationary source of thermal, and cold neutrons 
includes the water-cooled target in the form of 
natural-ur_anium 

assembly of 
OI- , lead rods., covered with stainless steel 

surrounded by heavy water moderator of about 1.6 m diameter. The 
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liquid ieeuterium moderator allows one to obtain a cold neutron flux 
of 10 n/s in the wide-apperture channel. If the liquid-deuterium 
moderator is removed the through channel is formed in the 
heavy-water. Small intensity between pulses from delayed neutrons 
(about 2% for uranium target and 0.2% for the tungsten one), the 
time selection of events, caused by epithermal neutrons, opens way 
for such fundamental experiments as the search for neutron - 
antineutron oscillations, predicted in some versions of the Grand 
Unification theory /19/, and with the through channel application - 
the experiment on direct measurement of neutron - neutron 
scattering length /20/, which is of fundamental interest of 
examination of isotopic invariancy of the nucleon-nucleon 
interaction. 

Fig. 4. Proton beam dump. 1. Tungsten plate assembly. 2. 
Vertical channel. 3. Iron-water heat shield. 

Proton beam-dumps are positioned in proton beams, which go 
through the meson targets, cooled by water, and have a vertical 
channel, allowing samples for radiation physics studies to be 
inserted. The high fluxes of fast neutrons and protons, being 
inside the beam dump, open a unique possibility for studies of the 
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behavior of construction materials of atomic reactors and 
thermo-nuclear fusion devices. The calculations showed that the 
density of 
about 4.1014 

fast s n utrons flux inside the tungsten beam-dump is 
n/s-cm per 1 mA current /Zl/. Ratio of atomic 

displacements number to (nor) reactions number is approximately the 
same as for neutron spectrum on the 1st wall of thermonuclear 
fusion facilities (Figs. 5, 6, 7). . . : 

He, appm / week 

IO2 

Fig. 5. 

I 
, I 

... 

‘. 

The kaon factory on the base of high-current 45 GeV - proton 
synchrotron with 7.5 GeV booster that is under design in INR AS 
USSR /22/, /23/ will use the proton linac of the Moscow meson 
factory as an injector. As the evaluation shows the one-turn 
ejection of protons from the synchrotron onto the neutron target 
gives the possibility to create the pulse neutron source : with the 
average neutron intensity nearly the same as 
and with 
n/cm2 - s. 

the peak thermal neutrons flux 
for the 15 Mg react?5 
-density about of 10 

Spallation neutrons pulse duration depends on the 
revolution time of protons in the synchrotron and will be 1.3 ps 
for the beam extraction from the. booster and 4.4 p.s - from the main 
ring. Thus the pulse neutron source based on the .. kaon- factory is of 
great interest for research with ” ‘cold, thermal and epithermal 
neutrons (up to several eV, mostly for solid state physics). This 
neutron source; if constructed, will. .. be used for ~the solid state 
physics research, while the neutron source with short pulses i based 
on the Moscow meson factory (MMF-0,6) will be used mostly for 
research in nuclear physics. 
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Fig.& Scheme of the Kaon factory INR USSR Academy of Sciences. 
1. Linear proton accelerator. 2. Meson factory experimental area. 
3. 7.5 GeV booster. 4. 45 GeV main ring. 5. Neutron source 
experimental area. 6. Hadron experimental area. -7. Neutrino 
experimental area. 

Since there were no experimental data on the neutron -yield in 
heavy targets for proton energy greater than 7 GeV,., the data on the 
energy balance in ionization calorimeters obtained in cosmic rays 
experiments /13,24/ were used for primary evaluation of spallation 
neutrons yield. Hadron cascade computations carried out by 
Monte-Carlo program SHIELD /25/ later gave similar results. 

The results, obtained in the recent experiment carried out on 
the 70 GeV proton beam of the accelerator in IPHE (Serpuchowl 1271, 
are in good agreement. with previous computational evaluations. 

The scheme. of the -experimental hall of the puise -neutron 
source is presented in Fig. 9. The neutron source /26/ is 
surrounded ‘v radiation, shield consisting of iron and heavy 
concrete. The shield thickness in lateral direction is determined 
by cascade neutrons and in forward direction - by muons. The 
neutron target represents the compact assembly sof tungsten rods 
cooled by water and has dimensions 40*40*16 cm . The target is 
placed inside the vertical ampoule and ad joined by liquid hydrogen 
and water moderators. The beam dump provided with the inner 
vertical and outer through horizontal channels used for experiments 
in inner thermal neutron fluxes (Fig. 101 is located behind the 
target, in the analogous ampoule; The target and beam dump are 
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surrounded by the reflector (made of iron-nickel alloy or 
beryllium). If the 45 GeV proton beam with the current I25 pA and 
dispersion 6.7*i.3 cm2 (907. of protons hits the target1 is directed 
onto the target, ‘average heat release in the target will *be 2.5 MW, 
average temperature in tke center of tungsten rod 4 150 C, maximum 
heating up of. tungsten * 60 C per pulse at 8.3 pps. 

Fig. 9. Experimental area of SIN - 45. 

The results of computations of hadron cascade in the target 
and reflector. carried out by the Monte-Carlo program SHIELD for 25 
GeV protons were linearly extrapolated to 45 GeV taking 
experiment&l data /27/ into account. Neutron transport. tialculation 
for’ ‘energies below 10.5 MeV was carried out using the neutron data 
system. B~I$B - 64 /28/. At 8.3 pps the p,eak ngutron flux density is 
about 7.10 n/cm2. s and time average one - 2.10 n/cm as. 

Operhbility of the neutron source depends 
radiation damage rate of it’s main components. The 
on radiation damage of the first wall of neutron 
MMF-0.6 $nd thermonuclear reactor (thermal ‘. load on 

essentially on 
comparative data 

sources SIN-45, 
the first wall 

1 MW/m? are presented in Table 1. .Radiation damage computations 
were carried out using efficient crossections of defect production 
/21/. 

The value of Kdpa 9 dptiyear corresponds to fast neutron 

fluence 1o22 n/cm2. Material properties changes are expected to 
be small enough at that dose. ~ 
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Fig. 10. Target-beam-dump device of SIN-45. 1. 
2. Moderators (Hz and H,O). 3. Beam dump. 

Tungsten target. 

Table 1. 

system material damage rate he1 ium pfgd. rate He/dpa .10e6 
dpalyear appm . 10 /year 

S IN-45 Al 27 370 14 
Fe 9 430 .’ 48 
w 6 750 130 

MMP-0.6 Fe 13 220 17 

Fusion Fe 14 150 11 

The main parameters of pulse neutron sources MMF-0.6 and 
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SIN-45 in comparison with other pulse neutron sources are presented 
in Table 2. To compare the sources 
geometry and figure-of-merit criterion 

MMF;0.6 target - moderator 
K=T/6, were used, where 3 

T 

-average thermal neutron flux density on the moderator surface, 0, 

- thermal neutron pulse duration. 

Table 2. 

system proton 8 
P’ 

CLs f, PPS ST, note 
energy, 

, <T 

GeV n/cm2 e s n/cm 
2 

.s -’ 
r.u. 

8: 

IN1 0.5 0.01 10 1.6. 10” 3.1013 0.01 project 

1964 

KENS 0.5 0.01 15 4.4 * 1 o1° 5.10’4 0.24 oper. 

KENS-II 1.0 0.2 50 2.0 * 1 o13 7.10= 11 project 

I PNS 0.5 0.01 30 5.6. 101i 3.1014 0.3 oper. 

LANSCE 0.8 0.1 12 8.0. 1012 1.1. 1016 4.2 oper . 

I BR-2 f, 4 MW 100 5 2.2. lo-l3 3.5. 1o16 1 oper. 

ASPUN 1.6 0.5 60 2.8. 1 014 8.1016 250 project 

MMP-0.6 0.6 0.3 100 2.8. 1013 5.101’ 15 constr. 
(20) (1) (30) (45) 

ISIS 0.8 0.2 50 1.4. 1o13 5.1015 7.5 oper. 

SIN-45 45 4.4 8.3 2.0. 1014 7.10” 110 project 
7.5 1.3 50 7.0;10i3 4.3. 1016 38 

In conclusion I would like to express my best acknowledgements 
to M.A.Markov, Yu.A.Osipian, V. A. Matveev, V. M. Lobashev, M. I. Grachev 
S. F. Sidorkin, N. V. Kolmichkov, M. N. Ospanov, V. G.Miroschnichenko for 
useful discussions and collaboration. 
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ABSTRACT 

The proposed KAON Factory facility at TRIUMF consists of a number of synchrotrons 
and storage rings which offer proton beams of energies between 0.45 and 30 GeV with 
varying pulse amplitudes, widths and repetition rates. Various possibilities for feeding 
these beams to a pulsed neutron facility and their potential for future development are 
examined. The incremental cost of such a pulsed neutron facility is estimated approxi- 
mately. 

I. INTRODUCTION 

During the past ten years countries involved in major neutron scattering programs (e.g. 
U.S.A., U.K. and Japan) have developed pulsed neutron sources based on high intensity pro- 
ton accelerators. These sources offer the neutron scattering communities in these countries, 
the opportunity to build programs of research in new areas of science, and to both extend and 
complement their existing programs on reactor sources. After several years of development 
the new pulsed sources are operating on a reliable, continuous basis and many neutron spec- 
trometers are in operation at each one. Other countries are becoming interested in this field 
also. For example the U.S.S.R. is considering several possible pulsed neutron sources based 
on the Moscow Meson Factory. Canada has played an important role in the development 
of neutron scattering but, because of its limited resources, has limited its efforts’to focused 
programs at its two reactor sources (NRU and MNR). The advent of the KAON Factory 
proposal at Vancouver offers Canada the opportunity to bring about a diversification of its 
neutron scattering program at a reasonable cost @iSO M), by building a modern pulsed 
neutron facility. This diversification would occur in three significant categories, geographical 
location, kinds of neutron scattering instruments and areas of science investigated. The ob- 
ject of this paper is to discuss the possible kinds of pulsed neutron sources which may be built 
in conjunction with the KAON Factory, and to recommend a choice which is economically 
and technically viable, and which is competitive in some respects with other pulsed sources 
and with Canada’s reactor source program. 
The basic KAON facility proposal has not changed substantially since the previous report 
to ICANS(l]. Th e recent Project Definition Study (PDS) funded by the Canadian federal 
and British Columbia provincial governments has established more detailed specifications 
and cost estimates for the various components of the facility. At the request of the Canadian 
Institute for Neutron Scattering an examination was recently undertaken at TRIUMF[2] of 
the incremental accelerator and target/moderator components required to achieve a compet- 
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HALL 

Fig. 1. The KAON facility layout following the 1989190 project definition study. 

itive pulsed neutron facility. The possibilities and requirements for simultaneous intensity 
optimization for both peak and integral flux beams from a single target/moderator were also 
addressed in reference 2 and elaborated in a later submission[3] to this meeting. 
The facility layout resulting from the PDS is shown in Fig. 1. This layout takes into’account 
the constraints of the site and others relat,ed to design contingencies and future ‘expansion 
possibilities. Figure 1 shows the race-track configuration for the main rings which! allows 
more space in the straight sections for beam conditioning and transfer elements. This layout 
has more possibilities for “add-ons” such as a pulsed neutron facility (PNF). 
No experimental area from the intermediate energy (3 GeV) stage is currently included in 
the KAON plan although a 3 GeV beam could be available a year ahead of any 30 GeV 
staged operation. The construction schedule for the KAON project is very compressed. Only 
about 20 months is allowed from approval-in-principle to the beginning of the construction of 
the Booster tunnel and ,building; thus,. any decisions about contingency provisions for adding 
a neutron facility, or any other 3 ‘GeV facilities, without impacting other construction and 
installation work will need to be made early in that period. ^ 

In Section 2 we describe the components currently included in the revised KAON proposal 
following the PDS and enumerate the possible accelerator options and limited neutron facility 
possibilities within, the presently planned KAON -facilities and housing. Section 3 outlines 
the experimental hall, transfer line and target/moderator/shield assembly requirements for a 
dedicated add-on pulsed neutron facility. Section 4 defines the medium term developmental 
options that would be required to up-grade the facilities from Section 3 to a competitive 
world-class facility. Finally in Section 5 we discuss conclusions and some recommendations. 

II. PRESENT KAON FACIIJTIES 

A Accelerators and Beam Storage Rings 

.&Fhe ICAON facility complex consists of two synchrotron’accelerators an? 
storage rings as well as the present TRIIJMF cyclotron used as‘ a beam 

three proton beam 
injector. The syn- 
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chrotrons, being pulsed accelerators, require accumulation of the cw beam from the cyclotron 
in a storage ring, called the A ring or Accumulator, for approximately 20 ms; this ring has 
a circumference of 215 m and a circulation period for the 450 MeV protons of 0.85 ps. At 
the end of the accumulation cycle the beam is transferred, in one turn, to the Booster syn- 
chrotron, or B ring, of the same circumference, where it is accelerated in the next cycle to 
3 GeV intermediate energy; the increased proton velocity shortens the circulation time for 
the protons to 0.65 ps. At the end of this cycle the beam from the Booster is transferred, 
again in one turn, to the Collector storage (C) ring that is 5 times as long as the A and B 
rings. The A and B rings operate continuously with a 50 Hz repetition rate accepting beam 
essentially continuously from the cyclotron at a design current of 100 PA. Five successive 
pulses from the B ring fill the C ring; every 100 ms the content of the C ring is transferred to 
the D ring, the Driver synchrotron, that accelerates it on the next 10 Hz cycle to the final 30 
GeV energy. At the end of that cycle the beam is transferred in one turn (3.5 ps) to either 
a pulsed beam line such as the neutrino experimental facility or to the Extender storage (E) 
ring. The circulating beam in the E ring is continuously “spilled” over the next 10 Hz cycle 
into the slow extraction beam lines for bombardment of the meson production targets for 
experiments requiring continuous beams. 
The pulsed neutron possibilities at KAON are summarized in Table 1 in order of increasing 
additional requirements beyond the basic KAON facility. Lacking any experimental facilities 
for the 3 GeV beams the only “parasitic” possibility is associated with the 30 GeV neutrino 
facility. The plans for the facility are still in the conceptual design stage. The single-pulse 
intensity would be higher than that from any presently available.pulsed neutron facility but at 
30 GeV is far beyond the optimum energy. The energy could be reduced to the 3 GeV coming 
from the C-ring without substantial loss of intensity and only marginal (-3%) lengthening of 
the pulse length if this solved any background problems commensurate with the priority of the 
experiments. It would probably require a separate, but fairly modest, extraction system from 
the D ring to accommodate the larger beam emittance on injection to, compared to extraction 
from the D-ring after the acceleration cycle. The big disadvantage would, however, be the 
competition for beam time that reversion from parasitic to priority status of the neutron 
facility operations would entail. 

Table 1 
Pulsed Neutron Possibilities at KAON 

Proton KAON Target Additional Accelerator TRI- 
Charge Pulse Repetition Proton Rings Station and Transfer Line DN-K137 

per Pulse Length Rate Energy Required Location Components Required Option 

PC ps Hz GeV 

10 3.6 510 3-30 WWW KEH* *** 193 
2 0.65-0.85 550 0.5-3 A,B NEH** Beam Line BC to NE11 2,4 
2 0.85 <so 0.45 A NEH Beam Line AB to NEH 5 
10 0.4 510 0.45-l A NEH New Booster/ 6 

Compressor Ring 
>lO so.4 510 -1 NEH + New KAON Injector 7 

* KEH - KAON Experimental Hall, associated with neutrino facility 
** NEH - Neutron Experimental Hall, additional to KAON 

*** Nothing for 30 GeV; may need larger extraction line from D-ring for 3 GeV. 

The options defined in the first line of Table 1 are the only ones that would not require a sepa- 
rate experimental hall with the advantage in cost savings and disadvantage in competition for 

102 



space in the presently envisaged KAQN experimental hall-that would accrue. The combined 
neutrino/neutron, facility, ‘however, could,, be moved to: a dedicated experimental ,hall if the 
interest warranted the increased scope for the project. The options listed in the last four lines 
of Table 1 ,all involve beams from the KAON project at 3 GeV’or less. Thus, lacking any 
experimental facilities associated with such beams, any neutron facilities would require an ad; 
ditional experimental hall.as discussed below. The options in line 2 involve extraction of full 
beam pulses from the complete or truncated acceleration cycles in the Booster synchrotron. 
Extraction. of beam at energies below 3 GeV would probably require larger but only,modestly 
more expensive extraction system. components,-again, because’of the larger’beam emitttice 
at lower energies. The 2. PC single pulse is limited by the charge holding capacity of the A 
ring and the B ring at injection so that reduction in the 50 Hz repetition ‘rate, which ‘can 
probably be done on a pulse-topulse program control, would reduce time-integral intensity 
to both the neutron production and kaon production by complementary amounts. 
The third line in Table 1 shows the most interesting,possibility that ,tiould have, very ,modest 
incremental accelerator requirements for a useful pulsed neutron’facility. The option .depends 
on the fact that charge holding capacity of the A-ring is limited by phase space consideration 
and does not depend, to first order at least, on the filling rate .of. the -fixed-field ring. The 
injected current required from the cyclotron and the irreducible, absolute losses will of course 
be proportional to the total current to both the KAON facility and a PNF. The incremental 
cost associated with increasing the TBIUMF cyclotron current to 250 PA, ,dissipating the 
additional beam in beam dumps. and increasing the repetition rate of the A-ring extraction 
system by a factor 2 is expected to be in the $5M range. In, principle the repetition rate of the 
A ring could be increased further to say 150 or 200 Hz but the necessary intensity available 
from the cyclotron becomes more problematic and the frame-overlap problems greater, unless 
the extracted beam from the A ring is. fed to further accumulation stages. 
Based on a linear interpolation of the neutron yield above an effective energy threshold of 
100 MeV, which fits the available data within their probable errors, the neutron yield from 
450 MeV protons from the A ring on high mass targets would be one-half that at the near 
optimum 800 MeV of the existing ISIS and LANSCE facilities. The 0.85 ps pulse length does 
not degrade the thermal neutron pulse length or peak intensity significantly. The root-mean- 
square deviation on the thermalization time from the mean of a 0.85 ps wide square wave is 
0.25 JXS which broadens the 1.0 ps standard deviation for 2 MeV neutrons slowing to 1 eV in 
hydrogenous moderators by only 3%; at 10 eV the relative increase is about 30%. Of course, 
neutron conservation indicates peak intensities inversely proportional to pulse .width. 
The last two lines on Table 1 show options with much greater cost and potential for satisfying 
future pulsed neutron facility requirements. Line 4 shows the possibility of increasing the 
pulse charge by accumulation of say five 2 PC! pulses from the A ring in a new booster- 
compressor ring of the same circumference, in which they would the be accelerated to 1 GeV 
and compressed to 0.4 ps. The design and development of such a facility appears to be 
feasible but would not be trivial and is estimated very roughly (and conservatively) to cost 
the order of $50M. Line 5 of Table 1 shows- the possibility that the KAON project. might 
at some time in the future develop an alternative injector; this would then open up other 
possibilities based probably on high-current linear accelerators and. storage rings that might 
have spare capacity at modest incremental costs for feeding a pulsed neutron facility. The 
total cost for such an advanced facility would likely be in $100 M range, however. 

B Pulsed Neutron Facilities in KAON Experiment,al Hall 

As indicated above, the plans for the neutrino facility at KAON are still in the conceptual 
design stage. It consists of, an optimal thickness meson production target followed -in the 
forward direction by a long (~100 m) flight path for their decay into muons and pneutrinos. 
Because’the meson (pions, kaons, etc.) mean-free-paths are longer- (by 30 to 100%) than 
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for the incident protons approximately 70% of them suffer collisions in the primary beam 
targets. Previous neutrino experimental facilities have used multiple quadrupole or toroidal 
magnetic horn focusing systems placed immediately downbeam of the production targets to 
augment the “kinematic focusing” of the neutrino precursor mesons. Thus the basic target 
requirements for neutron and neutrino facilities are compatible but the competition for space 
in the immediate vicinity of the targets for moderators, target cooling and neutrino-precursor 
focusing devices is likely to vary from problematic to severe depending on design choices. 
These design requirements are overshadowed by the currently unresolved problems associated 
with radiation damage of the targets by pulsed, concentrated proton beams; they may well 
require uncontained liquid metal targets, unless the spot sizes required for neutrino-precursor 
production can be relaxed substantially. 
The neutrino production target (but not the meson decay flight path, beam stop or neutrino 
detector) is currently planned to be in the KAON experimental hall, but not included in the 
initial installation. Thus the associated neutron facilities would compete for space outside 
the shielding but inside the hall with other KAON facilities. 

III. INCREMENTAL REQUIREMENTS FOR A PNF AT KAON 

A Transfer Beam Lined ad Tunneb 

The additional beam extraction components required for the options cited in Table 1 were 
mentioned briefly in their descriptions above. None of them requires additional components 
not already required for the KAON facility that are technically problematic or particularly 
expensive. They will be discussed further here only to the extent that they affect the possible 
site layout options and are constrained by accelerator/storage ring design considerations. 
To minimize the cost of transfer beam lines to a pulsed neutron facility they should start at 
an intermediate point in the present A-B and B-C transfer lines between the rings, at the exit 
of a suitable dipole bending magnet. Because these transfer points in the present design are 
-180 degrees apart the minimum cost transfer from both A and B rings cannot be obtained 
simultaneously, forcing an early selection for which option in Table 1 to optimize the layout. 
Although the injection and extraction points from the rings might be moved they have many 
soft and hard constraints. The second overall layout constraint for a pulsed neutron facility at 
KAON would be to leave enough space between the extraction point on the present facility 
and the experimental hall to install further stages of accumulation and/or acceleration of 
approximately the same size as the A/B-ring tunnels and tangential to the beam transfer line 
to the PNF hall. The layout shown in Fig. 2 satisfies these requirements for a beam from 
the A ring with only,a modest perturbation of the reference site layout. A layout for a beam 
extracted at minimum cost from the B ring would require much more extensive modifications 
to the reference site layout but is not precluded at this stage. 
Although the totals are smaller - roughly in proportion to primary beam energy above an 
effective 100 MeV threshold - the specific radioactivity induced in components would be the 
same order as those in the KAON production target areas. This provides an incentive for a 
layout that allows handling all such components by a common system. The layout shown in 
Fig. 2 does not, unfortunately, achieve that objective. 

B Pulsed Neutron Facility and Hall 

The only additional major components required for a pulsed neutron facility at KAON besides 
the beam transfer lines would be the target/moderator/shield assembly’and the experimental 
hall to house them. Based on the PDS results the tunnels for single beam transfer lines will 
cost about $8K per metre and experimental halls approximately $2 K per square metre, the 
latter with basic services’included. Thus a 75-m tunnel for a transfer beam line from the 
A/B ring, and a 2,500 m* experimental hall would cost about $0.6M and $5M, respectively. 
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Tabl,e 2 
Approximate costs of %&ON PNF‘ 1 

Beam Transfer Line and Tunnel 1.6 
Experimental- Hall 5,o 
Accelerator Modifications 5.0 
Target/Moderators/Shielding -. 20.0 

Total 31.6 

The 100-m transfer beam line itself, as’shown in Fig. 2, would cost about $lM, again based 
on PDS results. The largest component would be the target/moderator/shield’assembly for 
a PNP. The capital cost of the ISIS target was E3.5M in 1979 UKE. Approximately one 
third of this total was for shielding which was recovered from within the laboratory and 
might therefore have had a considerably higher cost for new material, say double,_making 
the effective true cost nearly &5M. At C$2=Cl the 1979 cost of reproducing the ISIS target 
would be approximately $lOM; inflation since 1979 has probably doubled that price to $20M. 
The cost of an initial installation might be reduced considerably by using a simple moltenlead 
target instead of the depleted uranium target at ISIS and fewer and less elaborate neutron 
beam gates and collimators, but at the price of a factor 2.3 loss of intensity beyond the fktors 
of 2 for each of the reduced beam current and energy. The peak ,thermal neutron flux in a 
water moderator immediately following the 0.85 ps long, 2 PC pulse of 450 MeV protons on 
a lead target would be 6 x 1014 cm’2s’1., with a time integral over the 50 Hz repetition rate 
lower than that by a factor 100 in an “infinite” Hz0 system[3]. The costs for an initial system 
are summarized in Table 2. 

IV. FUTURE DEVELOPMENT POSSIBILITIES OF KAON 

The least costly development for the improved performance of a PNF at KAON would be 
increasing the repetition frequency of the Accumulator ring beyond the factor 2 multiple of 
50 Hz discussed above to, say, 150 or. 200 Hz, and using the extra cycles to increase the 
repetition rate and hence the integral current to the PNF. This development would be much 
more interesting if it could be combined with a subsequent accumulation stage to increase the 
pulse size and reduce the PNF repetition rate. The limitation on how far this extrapolation of 
the A-ring frequency can be taken is expected to be set by gross beam spill limitations, in any 
of the cyclotron or the A 0r.B ,rings. Because the beam from the cyclotron is extracted at 450 
MeV the dominant spill mechanism, v x B electromagnetic stripping, is essentially eliminated 
leaving residual gas stripping of the H- ions and space-charge induced emit tance gro+t h as the 
limitations. The present cyclotron limitation is estimated to be at approximately the 500 /iA 
level although this must still be demonstrated within the additional constraint of restricting 
the longitudinal (phase) width of the micro pulses extracted from the cyclotron to the phase 
width capable of loss-free -acceleration by the Booster synchrotron rf system operating at, 
basically, twice the frequency of.the cyclotron system, operation of the cyclotron at 500 PA 
and the A ring at 200 Hz would allow diversion of 300 PA to a PNF with a 75% duty factor, 
for the 1 in 4 pulses required to. feed the Booster synchrotron. The only components in the A 
ring that would be under increased stress would be the extraction kicker magnets that would 
be required to operate at the increased frequency and the injection stripping foils that must 
operate at the higher current. The effects associated with the large number of turns collected 
in the A ring would, on the other hand, be relieved. 
The addition of a further stage of accumulation and acceleration to an enhanced repetition 
rate A ring would put a KAONibased facility at the forefront of pulsed neutron facilities. 
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The option in line 4 of Table 1, cited above in II A, envisages a combined accumula- 
tor/accelerator/compressor in a single B’ ring of the same length as the A and B rings of the 
primary KAON facility. It would accumulate multiple - say five - 2&! pulses from the A ring; 
during the period when the A-ring was accumulating beam to feed to the B ring the B’ ring 
would accelerate its accumulated charge to 1 GeV and, possibly, compress the longitudinal 
40 micro pulse beam structure using an auxiliary r-f system to shorten the extracted pulse 
length. Because the B’ ring would have the same lengths as the present A and B rings they 
should, if possible, share the same tunnel, avoiding the need for the second ring tunnel shown 
in Fig. 2. 
Total beam intensities beyond the present design current of 200 pA of ISIS will require 
further neutron production target development to avoid the problems encountered with the 
present depleted uranium metal targets. Although they impose a factor of more than 2 loss in 
source strength, molten lead or lead-bismuth are expected to be more reliable and forgiving 
of transient conditions and radiation damage problems. 

V. CONCLUSIONS 

From the realization that -there may be considerable spare capacity for accumulating 450 
MeV protons in the A ring of the KAON accelerator complex the development of a pulsed 
neutron facility at TRIUMF must be taken as a serious possibility. A major advantage 
of using this starting point is the avoidance of competition with the rest of the KAON 
facility for beam time or intensity. It does, however, depend on adequate, increased intensity 
from the TRIUMF cyclotron in more restricted rf phase width than has been required for 
meson production. The determination of these capabilities and limitations of the TRIUMF 
cyclotron, required for confirmation of the KAON design in any case, should have a high 
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Fig. 2. The KAON layout including a possible pulsed neutron facility. 
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priority, If ,this determination is positive it ‘would open the ,possibilities- for the step&wise 
development :of a competitive, -world-class pulsed neutron ftiility that could attract national 
and international support and enhance Canadian neutron beam science. 1. .. . . . 

The use of.< the full iOO,pA, 3 GeV ,:beam from the ‘Booster synchrotron would have. the 
advantage’of increased intensity and 25% shorter pulse length compared to a facility. based 
on direct’delivery of the 0.45 GeV beti from the .Accumul-ator. The total source strength 
for a 100 ,FA, 3 GeV’proton beam on a lead ‘t&get would be a factor A2 ‘greater than 
that from the’200 ALA, O%GeV- beam ,on the’depleted~urariium’target at ISIS; The flux in 
hydrogenous moderators from such a source might,. however; bediscounted somewhat by the 
extended spatial distribution of the source depending on the target-moderator design. The 
disadvantage in the long term with such a facility would be the unavoidable competition 
for beam time and/or intensity with kaon production in the basic facility. Although the 
long term development of this option appears to be more limited than the preferred option 
discussed above, it should be preserved if possible for the initial operation of the 3 GeV 
facility, especially if the extraction alignments and site layout can be rearranged to allow 
them to feed a common target assembly from both options at reasonable beam transfer line 
and housing costs. 
The use of the full 30 GeV, 10 PC, 10 Hz beams (although they would require separate 
target/moderator facilities, at least in the absence of an unencumbered neutrino facility) 
could have the highest single-pulse, thermal neutron intensity of any recyclable facility in the 
world, at least until the Moscow KAON Factory becomes operational[4]. 
Although the space available for a neutron experimental hall as shown in Fig. 2 appears to 
be adequate for an initial facility, the possible future requirements for long flight-paths and 
additional or specialized target halls would need to be reviewed before construction started to 
avoid, as far as possible, future changes of venue, with the additional cost that would incur. 
At a minimum, beam transfer line tunnel stubs should be installed downstream of the A-B 
and B-C transfer lines from the Booster tunnel to allow subsequent completion of such lines 
with minimum disruption to the KAON facility. 
Accelerator-based pulsed neutron facilities are competitive and complementary to fission re- 
actors and are capable of satisfying many beam users requirements, and of developing new 
areas of science. A PNF facility at TRIUMF that is capable of upgrading, though not ini- 
tially world-leading, is a very attractive $40M initial investment in a field that has many 
technological spin-off possibilities. 

REFERENCES 

[l] I. M. Thorson, Proceedings of ICANS VII, Oxford, July 8-12, 1985, RAL Report-85-110 
Vol. 1 ~86, (1985). 

[2] I.M. Thorson and M.K. Craddock, Pulsed Neufron Fucilitiea and the KAON Factory, 
TRI-DN-K137 (September 1990). 

[3] I. M. Thorson, Simultaneoua Pulsed/Integral Neutron Facility Optimization, this Con- 
ference, Target Station Workshop Session. 

[4] N.V. Kolmichk ov, V.D. Laptev, V.A. Matveev, L.N. Latisheva, S.V. Serezhnikov, S.F. 
Sidorkin, N.M. Sobolevsky and Yu. Ya. Stavissky, Superintensive Pulse SZow Neutron 
Source SIN Baaed on K-Meaon Factory, These proceedings. 

107 



Q(R.Pynn): Could you explain again the additional costs that would be involved for your various options? In 
particular what would lOOpA, 450MeV. 1OHz & OApsec pulse length cost you in addition to the currently 
projected cost of KAON? 

A(I.M.Thorson): As will be clearer in the written text of my talk the incremental cost for a pulsed neutron facility 
addition to KAON would come in two parts. The first is for the target/moderator/shield assembly, 
experimental hall, beam transfer lines and tunnels; the approximate cost of C$3OM would give us a 450MeV. 
lOOpA, SOHz, 0.8~ facility. A subsequent acceleration stage (to -lGeV) and accumulation stage (to 1OpC at 
1OHz) is estimated at C$50M, the achievement of 0.4~ pulse length would not be a fitst or second priority 
but might be necessary for beam extraction reasons. 
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Pulsed neutron sources at D$na: their past, present and future status 

E.P.StiALIN 

JINR,Dubna,USSR. 

ABSTRACT 

In 1960 the first world repetitively pulsed reactor. IBR was put into 
operation. It was the beginning of the story how fission based pulsed neutron 
sources at Dubna have survived. The engineers invo,lved have experienced many 
successes and failures in the course of new sources upgrading to finally come 
to possess the world’s brightest neutron source - IBR-2. The details are being 
reviewed through the paper. 

The fission based pulsed neutron sources did not reach their final state as 
yet- the conceptual views of IBR prospects are being discussed with the goal 

16 
to double the thermal neutron peak flux (up to 2’10 ) and to enhance the cold 
neutron .flux by 10 times (with the present 
ISIS cold moderator). 

I. PEW COMMENTS ON THE PPR HISTORY AT DUBNA 

one being as high as that of the 

Dubna is the only place where fission chain reaction based facilities are 
used as pulsed neutron sources. Their advantages are evident - big neutron 
flux and low cost of construction. But disadvantages are common famous so - 
more risk for pollution and too long neutron pulse duration. 

The history of pulsed reactors had yet begun not in Dubna but during the 
Manhathen project in 1945 when special superpromptcritical experiments named 
“Dragon” were performed . The paper on the Dragon programme had included the 
part concerning the “repetitive Dragon” ; the idea invented by D.Judd was to 
fasten a moving slug of uranium to the rotor getting so periodic puls.es of 
fission power. The secure project was not realized and the paper was declassi- 
fied only in 1960-th ‘after the official report on the start-up of the Sovjet I 
periodically pulsed reactor .(abbrevation PPR) IBR was issued. 

The IBR reactor was the first’ PPR in the world and it was the “bride 
present” to JINR from. dr. Blokhintsev who arrived at Dubna from Obninsk where 
he and his colleagues invented (independently of Americans) the concept of 
a PPR. The young physicists dr. I.I.Bondarenko and Yu.Ya.Stavissky had created 
the exact PPR theory including the most important part concerning with power 
fluctuation /l/: The principle of IBR design was to divide a small fast 
reactor core into two parts - one of them moveable, imbedded in the fast 
rotating steel disk (see fig;l). The-power pulse duration had appeared to be 
40 I,csec - more than expected 10 psec but yet short enough for time of 
fligt (TOF) experiments. The time averaged power was 1 kW initially and 
was increased temporarily up to 6 kW for the next 3 years / 2, /. 

The IBR was reconstructed in 1969; its new version, desighnated as 
IBR-30, had 30 kW mean power. It was achieved partly by placing two uranium 
inserts into the disk that consequently passed the unmoving core. The reactor 
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could operate over the wide range of 

single pulses with a fission yield 
neutron pulses was 55-60 psec. 

Fig.1 The IBR sketch 
l-rotating steel disk 
a-uranium insert 
3-fuel rod of the unmoving core 

pulse repetition rates - from 100 pps .to 
.- 

up to 1o16 . The half width of fast 

To .get the pulse duration in IBR 
shorter, it was decided in the early of 
60-th to make it operating as 
a multiplicator of neutrons from 
accelarator target - "booster" mode of 
operation. This idea was realized 
earlier at Harwell but IBR was the more 
convenient device as the large 
reactivity modulation enabled a high 
multiplication of prompt neutrons 
during a pulse. The injectors (electron 
accelerators) for IBR and IBR-30 were 
the microtron (cyclic one) then LUE-40 
(linear, of resonant type) that is used 
up to now. The pulse duration was (and 
is) 4 psec at time averaged fission 
power from 1.2 to. 13 kW depending on 
accelerator performances / 3 /. 
The Dubna's booster scope is nuclear 
physics experiments by TOE method. It 
was the brightest neutron source in 
this occupation for 15-20 years until 
SNS appeared ( the neutron luminousity 
of IBR booster is equal to that of lQ- 
15 PA proton accelerator target). 

It is worthy to tell about the most 
dramatic mode of IBR-30 operation - so 
called "rare pulses" one, the essence 
of which is in what a big reactor 
pulse is generated periodically 
but seldom - once per some seconds 
/ 3 /. The special device was 
constructed to modulate reactivity 
with such frequency; it was the 

tungsten rod (reflector) swinging up 
and down near the core and being 

synchronized to the moving part of the core (uranium insert). The special 
emergency response facilities were established to avoid asynchronization. 
The mode of rare pulses was experienced for about 2 years with energy 

yield in a pulse up to 100 kJ till it had finished dramatically... The mecha- 
nical part of the rod driver was not reliable enough as it became known 
afterwards. Once a day in the June 1972 (it was the last day before stopping 
for annual examination) some of the emergency systems failed, casually and 
simultaneously. But the maintenance stuff was ordered not to stop reactor 
operation. At the night the driving mechanism of swinging rod got broken, the 
rod started to move away the synchonized oscillation period. The reactor power 
started to decay according to a removal of reactivity. The emergency 
responce systems that might shut the reactor down were switched off and could 
not control situation. The power was being equal near to zero for-about 15 set 
Naturally, the huge amount of concealed reactivity was accumulated due to core 
temperature decaying. At one unpleasant moment the slowing rod found 
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occasionally itself in the position near to maximum reactivity simultaneously 
with the uranium insert so the concealed reactivity was summarized to the 
reactivity of the rod , and the very big power burst. with.aboutc2 MJ yield w.as 
aroused. The consequence was plutonium fuel melting. Fortunately,. the fuel rod 
claddings successfully resisted inner pressure, and no radionuclides released 
outside. Otherwise the accident might be severe one with bad radioactive 
contamination. Since that time the rare pulses mode of operation is forbidden 
to maintain. Moreover, after the Chernobyl catastrophe any‘ pulsed 
supercritical mode of IBR-30 operation (its fuel is ,metallic plutohium).. is 
prohibited; it is used as a booster only. 

In the middle of 60-th the scientific people involved ‘in intense neutron 
source desighning were rather stimulated by a successful operation of IBR to 
be approved that PPR construction is the right way to go. on.. That’s why so 
many projects of more powerful PPR’s had been proposed that times - SORA in 
Europe, PFR in BNL(USA) , KPFR in India and the others. But. only one of them, 
was realized, again in Dubna - IBR-2 (not taking into account the small PPR in 
Japan - JAJOI). The reason why the others designs were given up was that SNS 
projects won the rivals due to more broad applications and shorter 
pulse duration; 

The principal idea and construction of IBR-2 were discussed in many papers 
/+ - 6 / and need not to be repeated. Let us be restricted by displaying two 
figures (2 and 3) and the list of IBR-2 performances (table 1). 

: 

Fig.2,The general drawing ofs.IBR-2: l-neutron beam tubes; 2-choppers; 
3-outer ring of biological shield; 4-neutron beam shutters; 
5-control-rod drive; 6-reactor vessel; 7-irradiation tube; 8-sodium 
outlet; g-the core; lo-unmoving reflector; 11-moving reflector,MR; 
la-its jacket; 13-manhole for MR withdrawing; 14,15,16-the parts, of 
MR.-driver;- 17-magnets for -electron beam (not installed);l8_sodium. 
inlet; 19,20+afety block’drivin~g mechanism. 
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Table 1 

The IBR-2 reactor performances. 

Today In future 

Mean power, MW 2 

Peak power, MW 1500 

Pulse duration, psec 215 

Background power, MW 0.1 

Thermal neutron flux (n/cm 2/s): 

1) time averaged 

2) Peak 

13 13 
10 10 

16 16 
0.7 10 2 10 

Fig.3 

4 

10000 

70 

<0.15 

The IBR-2 reactor cross-section. 1,7-flat light water moderators; 
2,4-auxillary moving reflector (AMR); 3-main moving rerflector (MR); 
5,9,15-control blocks; 6-fast safety block; 8-fuel rods subassembly; 
lo-irradiation tube; 11-grooved water moderator; la-boron filter; 
13-slow safety blocks; 14 irradiation hole; 16-MR jacket. 

The only thing is worthy to discuss about - the exciting scenario played 
by the reactor physicists to overcome difficulties with the long pulse 
duration. The initial value of it appeared to be more than 300 psec - 
absolutely unsuitable to condensed matter reseaches. The reason for such a 
bad situation was so called “shadow effect” on neutron reflection, that 
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spoiled pulse shape at the first version of IBR-2 moving reflector MR-1. in 
1978. The pul.se duration is defined (it was derived by Stavissky in 1956 yet) 
as 

e=p7 

where 7 is the prompt neutron life time, and y is the rate of reactivity 
changing at the moment of a peak power. The figure 4a shows clearly that the 
totally shaded auxillary reflector (AMR, used for slow reactivity modulation) 
is partly got open when MMR (main reflector,that is. nearer to the core) is 
shifted in right-hand direction, and therefore some positive reactivity 
is released which was initially shaded by HMR. This- positive reactivity 
decreases y rate value in comparison with that for a single MMR. After some 
trials it was found that AMR of “folk type” ( fig.4b) gives no shadow effects. 

0 9. 
8 

I I AMR 

Fig.4 The diagrams of moving reflectors geometry to explain the “shadow” 
effects of neutron reflection. a-the first version of MR; b- MR-2; 
c-MR-3 l 
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The new IBR-2 modulator MR-2 having 

Fig.59 
*. 

The IBR-2 sketch with Ml?-2 . 

such construction was installed in 1981 
and ensured 215 psec fast neutron pulse 
(fig.5).Some later (in 1983) it was 
proved by experimentally that the 
"shadow" ,effect could be forced to play 
useful' role if two reflectors are 
shaped in special way ( say, as that 
grid type reflectors displayed at.t_he 
diagram of fig./4c. For'a-such geometry 
of reflectors the shadow effect causes 
.additional. reactivity removing that 
leads to shortening a pulse duration 
significantly. The experiments of- 1987 
enabled to optimize modulator shape and 
material. The result is that the new 
project of MR-3 modulator for IBR-2 
ensures llQ-115 psec pulse duration. 
Moreover, this modulator will be safer 
It is planned ..to .be. installed 
in 1992-1993. 
The IBR-2 started to- be used for 
science iD April 1982 mainly for 
condensed matter reseach.by TOF method 
on extracted.beams.( but'the very first 
experiment was concerned with 

moving reflector rotors. searching of axion, a gypothetical 
particle, and not needed neutron beam). 

The IBR-2 is well 'suit for condensed matter reseaches, especially with cold 
neutrons. It is resolved by 3 factors: 

1. The power pulse duration is near to a cold neutrons life time in 
moderators. 

2. The reactor core size and shape are optimized for thermal neutron 
intensity in outer beams. 

3. The heat deposition in outer moderators per one cold neutron production 
is much less in comparison to that of SNS facilities or thermal reseach 
reactors ( due to that y-ray .-flux and fast neutron energy are both 
profoundly low). 

So, yet today the cold neutron. flux. from the IBR-2'room temperature light 
water moderator equals t.o that of.ISIS cryogenic moderator- (see-table 

.-0 
Table 2. Cold neutron fluxes ( x>4A) of. IBR-2 and the others sources. 

.: : i * 

From whole moderator Peak density 
surface, time averaged flux at X.=9X 

13 15 2 

2). 

IBR-2 light water 
grooved moderator 

10 n/sec/sr 10 n/cm /s/sr/eV 

1.2 1.3 

IBR-2 solid methane 5-10 30-60 

ISIS liqiud hydrogen- ;o;8.. :. _: ,.2 .: 
: (gj-JO pu) .: : . - _ _,: .. _ 

2 
ILL (Grenoble), 1 cm 1.5 5 

-1 14 



As soon as the solid methane moderator would be installed at IBR-2 ( see the 
description below) no device with the same fission density in the core could 
reach the cold neutron performances of IBR-2 in principle. 

The IBR-2 is operated 100 days per year; the initial fuel charge ensures 
more than 10 years of operation with no: fuel reloqding. 

During the IBR-2 desighning-it wasdecided to construct a powerful electron 
accelerator as an injector for IBR-2 to get a short duration of neutron pulse. 
The induction principle was chosen .?to accelerate electrons as the most 
suitable for high current. Its ;.essence, is in that the el,ectron beam is used as 
a secondary’ coil of a transformer with: a primary one. reeled.:& the permalloy 
toroidal cores. The construction;. of~‘:LI&30’ accelerator lasted 20 years but 
nothing came of, it as the.,‘electro_n: beam’ nccured’ to .be .i;mstable in radial 
motion. Al 1 attempts to- stabi-lize- it appeared to be unsuccessful; 
construction was given up-’ in the- last year.‘. We know no other electron 
accelerator being adequate to IBR-2 ‘performances, i.e; so powerful as to 

14:’ ; 
generate more than 2 10 n/set in ths target (if not proton accelerator with 
>2 $A current). So, the IBR-2 operates. ‘only as a pulsed reactor contrary to 
the IBR-30 operating as a booster_.exclusively. 

It is interesting to say that many,Ylincommon effects were observed 
during the Dubna’s pulsed facilities,exploitation. Each of them worthy to tell 
in a proper paper / 7,8 /; here we .give &he headings of some of them only: _,.- . 

-the selfcompensating a fuel,, &u-&p reactivity effect in IBR-2 
reactor; .’ I’ 

-the possibility of an ..i&tab~lity of a ‘new, “pulsed” type in PPR and 
transient to a,-chaotic.‘behavior at a great 

-mirror reflection of relativistic electrons 
a target. : 

.- 
.i 1 

.- .,._ 

power ; , 
of the front panel of 

II. THE PROSPECTS FOR PULSED :&PI’R~~ SOURCES AT .’ 

We intend to dnstall the two new ~devices 

DUBNA .~ 

at IBR-2 in the nearest 
future (1992-1993)L:;-,moving reflector MR-.3 to:reach 11O’psec pulse duration 
(yet described in the.part I) and the cold moderator. -The latter will be solid 
methane one. of. a gro!ove’d type at .20*25 K combined with the light water 
premoderator. The methane containerbox (fig.6) isfabricated of Al alloy and 
is tightly surrounde~d’b~,l’another container to hold gaseous helium that removes 
heat off methane and: alumiu$.rwalls. Many-small channels for helium flow are 
cut inside the front -wall of! ‘methane’ box to enlarge the cooling surface. The 
heat will be transferred through, : lowGonducti.ng methane by the same way the 
Japaneses use at KENS -1 ~aluminium -wires forced into the front wall, some of 
them twisted. 

To control the methane tempereture.three kinds of gages will be used: 
gaseous thermometers;thermocouples and neutron thermometer. The latter will 
measure the instant -cold neutron spectrum by TOF on-line method enabling to 
scram the reactor down just as. soon as chemical energy stored at methane due 
to irradiation starts casually to be released. 

The other pecularity of theLcold moderator c~onstruction’is that the-back 
(outletting)’ wall. of _ ‘helium ’ container .‘is supplied wi,th .special ribs to 
restrain helium pressure against vacuum outside ; to avoid cold neutron 
absorption the ribs are placed just opposite to methane ledges at grooved side 
of the box. Such ribs are arranged at the vacuum container too (it is not 
shown in the picture). 
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The power. generated in methane. due to< neutrons. slowing-down and y-capture 
amounts to 110 W, in aluminium - 470 W. The maximum of heat production per 
unit volume will be near to that of solid methane at KRNS or IPNS 7 ‘about 0.1 
W/g (the volume.of the box is 2 ltrs). Therefore the rate of rgdiolysis’is 

expected to be at -appropriate grade 
to enable us not to replace methane 
by the. fresh. one during, one run of 
IBR-2 operation -.two weeks, If not, 
there is possibility to decrease 
heat generat ion in methane by 
adjusting the thickness of the water 
premoderator. 

It is worthy to explain that at 
the same heat production rate,as SNS 
have the IBR-2. moderator supplies 
physicists with more cold neutrons 
(table 2); .due to both the fast 
neutron mean energy kicked methane 
is much less than that of. SN3 and 
the moderator surface, is . . about one 
order larger.. -. . 

..The cold moderator. .construction 

to’ I’ 

.*. 

5 

4 2 3 4 5 A,f 7 d 9 io 

Fig.7. The relative neutron spectra 

enables to optimize neutron 
spectrum. It is possible not to fill 
up the camera with methane or to 
fill it up partly. The goal is to 
get “warmer” neutrons. The most good 
.opporturnity. to get very broad 
‘neutron spectrum is to fill up the 
camera with liquid hydrogen instead 
methane(see fig.7). We were aspired 
by this idea after learning IPNS’s 
experience with replacing solid 

for the various moderators. methane by liquid hydrogen with no 
changing in the technology system. 

But we suffer of the strong formal limitations concerning nuclear safety to 
intrude liquid hydrogen at the reactor. 

Besides these two up-grading of IBR-2 ( MR-3 and methane moderator) we are 
planning more radical modifications of it. The main trend is replacing 
plutonium fuel by uranium one; it is desireable because of a big potential 
danger of plutonium as a a-particles source. It is not easy to make such 
replacing not aggravating reactor performances. One possible concept of a new 
reactor version (let us name it as IBR-3) is to replace the reactor core of 
traditional type by a moving long bar placed inside the reactor vessel and 
cooled by sodium. This uranium slug (or few slugs) will be moved up and down 
so power pulses will be flashed at different parts of the slug consequently. 
The fissions will be diverged through all the slug enabling deminishing 
delayed neutrons intensities to get low background power between pulses (about 
3%). Besides the duration of ‘pulses would be reduced due to more delicate 
sizes of the core. No modifications are needed with nowdays cooling system, 
shielding, scientific instrumentation; MR-3 and the cold moderator could 
operate perfectly at IBR-3 too. The reactor vessel and the control blocks must 
be changed at some degree. Which is the most important the melting of the core 
is principally unprobable due to small residual power density. 

The main expected performances of IBR-3 are displayed in Table 1, the 
second column. 
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And finally, a very brief comments- on the: future of nuclear physics 
by neutron experiments at JIM. After the creation of LIU-30 was finished 
unsuccessfully, it was decided -to improve the IBR-30 booster performances to 
get higher time resolution., Now the desighning of a new electron injector 
and the new booster are under the progress. The goal is to generate short 
pulses <O.-5 psec at mean power of the-booster 20-30 kW. The booster is 
proposed to be with no reactivity modulator. Thus the history revolves 
backwards to the first booster at Harwell but with more modern accelerator. 
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Q(G.S.Bauer): What is the value of &t-f during the pulse in IBR-30 and IBR-IL? 
A(E.P.Shabalin): At the moment of maximum reactivity I&R equals to -0.995 for IBR-30 and -1.001 for IBR-2. 
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ABSTRACT 

Numerous options exist among.alternatives for target material and design 
of-the neutron producing .target. in pulsed spallation neutron sources. 
This report surveys the advantages, disadvantages and limitations of 
some of the alternatives, including discussions of neutron yields, 
delayed neutron-backgrounds, source pulse widths, source-to-moderator 
coup&g, materials performance, fabrication problems, safeguards and 
security and hazards questions. 

I. Introduction 

The purpose of "Booster" targets for pulsed neutron sources is to increase 
the intensity-of the available neutron fluxes, abo.ve.what is available from 
the primary neutron-producing interactions, The basic idea is to.provide 
additional neutrons by fission in a target .consisting at least in.part of 
fissile material, which is a subcritical multiplying assembly. ,The pulse 
width demanded of the source depends on the uses to which the moderated~beams 
are to be,put; since moderation to different energies broadens the primary 
source pulse by an amount which is roughly proportional to_ the,wavelength 
used, -and by the.width of the proton pulse which excites-it. As will become 
clear below; booster .targets designed to provide good resplutior! for 
measurement.s with eV neutrons, must operate as "bastr subor$tica_l ass&lies, 
that is, the fission process must be propagated by fast neutrons. If uses 
are confined to thermal neutrons, boosters with limited gain may be 
*'intermediate spectrum" subcritical assemblies. For strictly cold neutron 
applicat&ons,+low-gain "thermal" or "epithermal" subcritical assemblies may 
be appropriate. By way -of limiting the discussion, I do not address variable 
reactivity boosters or reactivity pulsed reactors. 

Figure 1 shows schematically the relationships among booster types classified 
according to the mean energy causing fission, <E>F, appropriate for different 
applications using conventional time-of-flight instruments (as opposed to 
"time-modulated" sources and instruments). 
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Figure 1. .Relationship between the mean energy causing fission,a>Fr and the 
puke width, rT , -of subcritical booster assemblies. Two lines are shown, 
for no amplification, G = 1, and for a gain factor of 5. Regi,ons shown 
define the pulse width requirements for efficient, conventional :time-of- 
flight spectroscopy of epithermal, thermal and cold neutrons, assuming that 
appropriately designed moderators are provided; for example thermal-and cold 
neutron spectroscopy are possible if rT is less than about 10 I( set, but 
epithermal neutron spectrosco@y is inefficient. The heavy line rT = rA 
delineates the region--in.which- the target pulse width is greater than the 
accelerator pulse width; the-overall .s.ource pulse-is.dominated by whichever 
is.greater. 

Figure 2 shows the-IPNS Booster Target, which was described in our earlier, 
report';.the .configuration is typical of "Fast" subcritical assemblies, 
consisting mostly of fuel with little coolant. 
decoupling layer of "B-copper. 

Note the sur_rounding 
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Figure 2. The IPNS Enric&ed Uranium BOOSter Target. 

II. Neutron Production, The Primary Source 

Figure 3,shows Fraser's well-known data on the primary spallation neutron 
yield (the global number of neutrons-escaping the target per incident 
particle) .from thick targets of heavy materials irradiated by protons; these 
-are well correlated by the relationship 

Y(Ep, A) = o.lmp - .12 Gev) (A + 20) (nonfissionable materials) (la) 

= 5.0(Ep - .12 Gev) (2%' (lb) 

(EP > .2 GeV). The yield for 238U is about twice what would be calculated 
for nonfissionable material, because of fissions induced above the roughly 1. 
MeV threshold. (The distinction among the terms is traditional-- 
"nonfissionable" having no appreciable fission cross section for neutrons of 
MeV energies or below; "fissionable'* having appreciable fission cross 
section for neutrons of MeV energies, above some threshold; and "fissile" 
having appreciable fission cross section for neutrons extending to low 
energies.) 
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Figure 3. Measured global neutron yields vs proton energy, for various.target 
materials. (from Fraser, et a13) 

The primary neutron producing reaction provides an externally-controlled 
source, either to be utilized directly or as a source which drives a 
multiplying, subcritical assembly, which is integral with the primary source. 
In the case of booster targets, it is important .to recognize that-the primary 
neutrons produced in the volume of the target are multiplied, some of which 
leak out and represent the source driving the moderators. 

LANSCE uses a W-target; other eligible non-fissionable target materials 'are 

Ta, .Pb and Bi-- liquid Pb is the target material in SIWQ and the TRIUMF 
source. g3% is.used as fissionable but -non-'fissile target material. in 
ISIS, KENS anf3;PNS; 237Np 

U, 235UTharnd 
and j40 Pu have simi1a.r threshold fission 

properties. 23gPu are appropriate booster target materials 
insofar as their-fission properties are concerned. Table'I below'summarizes 
the relevant attributes of some target materials. 



Table I 

Material 

Th 

238U 

='Np 

24OP* 

233U 

235U 

239Pu 

Nuclear Properties of Some Target Materials 
for Pulsed Neutron Sourcesa 

Cf(-l.MeV), Fission Threshold Delayed Neutron Fission 
barns Energy, Eth, MeV Fraction, fl Yield, V 

Fissionable, Non-fissile 

.13 1.6 .022 2.3 ~ i ,". 
:. ., 

0.52 1.35 .0157, ,2.6- : ..; 

1.4 0.8 ? 2.4 

1.5 -1.0 .0026 3.3 

Fissile 

1.9 --- .0027 3.0 

1.3 --- ,006s 2.7 

1.95 --- .0021 3.1 

a Mostly from ANL-58002. 

Yields corresponding to Equation (lb) for fissionable materials other than 
238U may have been calculated or measured, but are not known to me; these 

depend on target size and geometry, but are not strong functions of the size 
of the target. Yields and the time structure of the pulses for booster 
targets depend very strongly on the density, enrichment of the fissile 
isotope, composition in terms of moderator, fuel, reflector and deeoupler and 
on the spatial configuration of the target, and have to be computed for 
rather exact descriptions of the target.. Beyond the question of global 
leakage neutron yields,- there is the question of the coupling to the 
surroundings and moderators; this is addressed below. 

While several of the materials represented in Table I have superior nuclear 
properties to U, practical metallurgical questions dictate the use of 
Uranium--which, in view of the fact that pulsed source targets are worked 
quite hard, is difficult enough even given the very large base of experience 
with that metal and its. alloys. In the case of the fissile materials, the 

question of supply dictates the use of '235U.- However, in view of these 
superiorities, in particular the fraction of delayed neutrons, materials 
other than'U may eventually come to the fore. 

III. Booster Target Kinetics 

Two aspects of the time dependence of booster target behavior are important, 
namely the prompt pulse width and the delayed neutron response. The number 

of neutrons n(t) in the system at time t, in a subcritical multiplying 
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assembly responding to an instantaneous externally-controlled source is 
described by a simple lumped-parameter theory which illustrates the main 
points, 

n(t) = n(k(1 - 8)-1)/e + XC. +No6W 

t?(t) = nkfi/e - XC (2) 

where k is the multiplication constant (k < 1 in a subcritical system), fl is 

the delayed neutron fraction, e is the prompt generation time, c(t) is the 
number of delayed neutron precursor&, X is the average decay constant of 
delayed neutron precursors and No is the number of neutrons introduced by the 
external source at t = 0. Equations 2 assume that the external source 
produces no delayed neutron precursors. The solution by Laplace transform 
methods is straightforward, 

n(t) = N~((s~ + X)eslt - (92 + X)es2t)/(s, - 52) (3) 

I. where 

s1,2 = l/2{ (Ak - W/t f [ (hk - W 2/l? + 4m/eP, (4) 

and Ak = k - 1 (C 0). Since in a fast booster 

approximate values of s1 and s2 are 

91 - (Ak - kg)/e (5) 

and 

52 - -xAk/(Ak - kg). (6) 

The two terms represent the prompt response (sl) and the delayed neutron 
response (s2). 

The total number of neutrons disappearing (some leak out: these are the ones 
we are interested in!) with the prompt pulse is proportional to 

NP = l/elgdt(first term in eq 5) 

-Not-l/(ak --kg)) (7) 

and the prompt neutron gain factor is 

Gp = N /N 
P o = -l/(Ak - kfl). (8) 

The total number of delayed neutrons disappearing after the source pulse is, 
with the same proportionality as Np 
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ND = l/(?kdt(second term in eq 5) - 
,. . 

= (kB/Ak)Nol(Ak - kB) = BGP(GP - l)No/(l - BGP) (9) 

(increasing as the scruare of the prompt gain) and the ratio of'the number of 
delayed neutrons to prompt neutrons is 

RD/P - ND/Np = -kBlAk = #(Gp - l)/(l - #Gp). (10) 

The delayed neutron background as a fraction of the prompt signal increases' 
linearly with the prompt.gain.- .(In a steady reactor, exactly critical, (Ak - 
O), RD/P - 0; _ all the neutrons are delayed neutrons in the present sense.) 
The total gain is 

GT = (Np + ND)/N, - -l/ak = Gp(l - B)/(l - fiGp) (11) 

,and.the. delayed-tortotal ratio is 

RDIT - -W(Ak - kB) = B(Gp - l)/(l - 8). ,. (12) 

The width of the prompt pulse is proportional to the prompt gain, 

rP - BGp. (13) 

For representative values of the parameters# (roughly as in the IPNS 
Booster) 

t- 68. nanosec, ... 
Ak - -0.2, -: 

B- .006 .- 

x= 1. sec. 

'P = l/s1 I 

and : . 

- 340. nanosec 

ll/s21 - 1 . 02sec. .’ -L. 

: - 

The width of the prompt pulse, 340. nanosec, is considerably greater than, the 
generation time & 'the delayed neutron pulse is's0 long*that in, say, 30 Hz 
operation;the delayed neutrons appear-essentially constant in time. 

Roughly, for the IPNS Booster (k - 0.80), GT = 4.85'and.iD = RD/T = .03-. 

This simple analysis'does not deal with the coupling of the source to 
different eigenfunotions (modes) of the neutron distribution, which have 
different multiplication constants, nor with the coupling of the target to 
moderators, which varies from mode to-mode. .On these.accounts, .the actual.. 
gain factor expected for beams from the IPNS booster is. about 3.0 or 3.5 
(determined from.Monte~Carlo calculations .for a single moderator); figure 4 
shows the,calculated spectra emerging from the IPNS "H'! moderator, for,the 
depleted uranium target and for the Booster target. Measured neutron beam, 
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intensities per unit of proton current increased on average by a factor x 2.5 
over their values with the depleted uranium target. The delayed neutron 
fraction has been measured, with the result CD = 0.0283 4. 

lo’* 

10” 

1O’O 

lo9 

BOOSTER 

N DEPLETED URANIU 

4 IN LAST 1.4 cm SLAB AT MODERATOR C 

(PER UNIT LETHARQY AT 15pA PROTON CURRENT, 450 Mev, 3 cm FWHM) 

108 I Il1llll 11111111 11111111 I ll~~ll~ 1 ~~~~~~~ 1 ~~~~~~~ 1 ~~lllll I1111ll’ ‘11 
-3 

10 1ii2 10’ loo ld 10* 10s lo4 18 lo6 

ENERGY (eV) 

Figure 4. Time-and-spatial average scalar neutron flux in the IPNS "Ii" 
moderator, computed for the depleted and enriched uranium targets. 

Reviewing the pro erties of the fissile isotopes in Table I, 233U and 23gPu 
are superior to g 35U, both in view of their higher cross sections (less 
fissile material would be needed to achieve a given gain) and in view of 
their lower delayed ,neutron fractions. 

The discussion above deals only with delayed neutrons appearing from fission- 
generated precursors. In systems containing D20 as coolant or Be as 
reflector, gamma rays above the relevant thresholds produce photoneutrons. 
These may be prompt fission gammas from the target, capture gammas from 
structural decoupling and poisoning materials, and activation gammas from 
activated components. Depending on their origins, these have different time 
dependence and importance in the neutron beams; some may be quick and 
important, as for example capture gammas produced by capture of moderator 
neutrons, or of reflector neutrons. As long-term delayed neutrons, these 
appear typically at a lower rate than delayed fission neutrons. Estimation 
of the photoneutron effects requires coupled gamma ray and neutron transport 
calculations. No source can be expected to be free of delayed neutrons; 
although their number may be small in sources with W or Ta targets, the 

measurements are easy and it is advisable to determine eD experimentally. 

Delayed fission neutrons emerge from their resting parent nuclei in two- 
particle decays, and therefore exhibit discrete line spectra. Typical 
energies are in the range .l - 1. MeV, while fission neutrons and the low- 
energy component of spallation neutrons have continuous 
approximately proportional to dEeBElT, 

evaporation spectra 
with T = 1.3 MeV. Photoneutrons have 

a spectrum that depends sensitively on the gamma ray energy spectrum and on 
the photoneutron cross section as a function of gamma ray energy. 
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Certain rare, light spallation product nuclei exhibit beta-delayed neutron 
emission,. for example, 'Li + 'Be* (Tr/ = .17 see), 'Be* + 8Be + n. 
the same state that gives neutrons in 

.Oll set), '*B* + 
%e(y,n) .I 

(This is 
Others, such as '*Be + '*B* 

(Tqz = "B + n exist which have short half lives and would 
appear as a time-varying delayed neutron background in repetetively-pulsed 
sources; as far as I know, none of these have been observed in pulsed 
spallation sources. 

There are actually numerous species of fission-produced delayed neutron 
precursors, which are typically classed in groups'having similar half-lives. 
Table II shows the relative abundances and half-lives'of precursors from 23SU 

fast fission. 

Table II 

Relative Abundances and Half-lives of . ___ 
Delayed Neutron Precursors from 2% Fast Fission" 

Group Relative Halflife Decay 
Abundance Tl/zir set 
air % 

Co_nStant Xi, 
set 

1 3.8 54.5 .0127 
2 21.3 21.8 .0317 
3 18.8 6.0 .115 
4 40.7 2.23 .311 
5 12.8 .496 1.40 
6 2.6 .179 3.87 

average decay constant = <X> = .435 set" 

Tl/zeff = h(2)/<X> = 1.6 sec. 1 

b from ANL 5800*. 

Even though some of these groups-have halflives of only a fraction of a 
second, all have halflives so long that delayed neutrons from these origins 
appear constant between pulses in practical pulsed sources (say, f > 20. Hz). 
This cannot be said of photoneutrons of certain origins, some of which may 
appear with short delays, both in booster targets and in non-multiplying 
targets. 

IV. Time Response, Decoupling 

It is important in pulsed sources that the prompt pulse be narrower than the 
width of the moderated pulse from the moderators. Inasmuch as the moderated 
neutron spectrum is rich in epithermal neutrons, and many instruments 
capitalize on this, and,because the primary source must serve all of the 
moderators, the primary source pulse width must be narrower than the 
narrowest required by any instrument. In IPNS this indicates so far the use 
of 10. eV neutrons (in GLAD, see elsewhere in these proceedings). .Xn dense 
hydrogenous moderators, the pulse width is about 2/3 psec FNHM at 10. eV. 
The simple analysis above indicates that the multiplied source,pulse width 
for the booster target will be about .34 Hsec, which is comfortably less than 
the requirement, but not by much. 
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This is achieved in IPNS by decoupling the target from its surroundings, 
using a boron,layer designed for e-l attenuation of perpendicularly-incident 
neutrons of 100. eV. Without such decoupling, slow neutrons from the 
reflector and the moderators would participate in the multiplication process, 
significantly slowing down the response time (i. e. increasing e). Such 
decouplers are a necessary feature of pulsed booster targets designed to 
preserve pulse resolution at eV energies, even though they reduce somewhat 
the intensity of moderated neutron beams. 

V. Coupling of Source to Target and Surroundings 

In highly symbolic form the Boltzmann equation describing multiplying 

assemblies is 

Xn(r,v) + S (r,v) = 0 (14) 

where 

x=3+9lz, (15) 

and 

2n(r,v) = - v=Vn(r,v) - vCtotal(r,v)v(r,v) 

+ 
I d3vvtCs(r,vf~v)n(r,vJ) 

is the loss operator, 

!Bn(r,v) = f(v)j d3 w'~(v')C,(r,v'~v)n(r,v') 

(16) 

(17) 

is the fission operator 

and S-(r,v) is the external source density. The notation is the conventional 
reactor physics notation. 

The task of analysis reduces to the problem of solving the eigenvalue 
equation 

(18) 

with its adjoint 

jc+qn+ = on**,+,. (19) 

for which 

I 
9m' (r,v)Y;l(r,v)d3rd3v =.S,,. (20) 

Representing 
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n (r,v) = Cn anqn k,v) (21) 

and 

S (r,v) = cn S,Y,(r,V) (22) 

Then 

an = -(l/o,) Jd3rd3v*n+(r,v)S(rrv), 

s, = J d3rd3vqn+(r,v)S(r,v) 
(24) 

- . 

. . 

(23) 

and 

n(r,v) = C, (-lhn)sn*i (r,v). (25) 

Now defining the multiplication constants k, I 

l% + %/k,H‘, = (x + (l-k,)%&&_, E 0, " (26) 

so that 

q I Jqn+wn = +/kn (27) 

where 

s I Jqn+mn '(28) 

and observing that if we order k,'s so that kn,l s k,, .[for subcritical 
systems, allk,'s are less than 1.01, then 

n (r,v) = xn kn/U-kn3sn/%&,Wr) (30) 

(311 

Integrated source and neutron densities are 

s* f S (r,v) d3zd3v =..CnsnlQ,( r<v)d3rd3v 3 c s f' .nnn 
(31) 

and 
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NT E I n(r v)d3rd3v I = Znkn/(l-kn)snfn/hL, 

= &l/U-k,)s,f,/(-.i?$. 

If the source is entirely proportional to the lowest eigenfunction, 

S(r,v) = SF0 (r,v) = ~*Jr,v), 

(32) 

(33) 

(34) 

so that 

'n = S~S,,/f, (35) 

then 

NT = NFo 

This is case of the "single-mode" reactor, a description that applies when k, 
is very near to (but less than) 1.0 and the source distribution is similar to 
the fundamental eigenfunction. Otherwise and in general, since 

E k,ST/(l-k,) and NT a ko/(l'ko) l (36) 

fn+l' (lDkn+l ) 3 fn/ (l-k,) r (37) 

NT<NFo and NT th ko/(l-ko). (38) 

That is, in general, the full source is not multiplied by the simple sain -- _- 
factor for the sinqle-mode reactor. -- Neither is the gain observed at a given 
point (r,v) proportional to the simple gain factor. This is the usual 
situation in far-subcritical assemblies --n6 single eigenfunction dominates. 

Criticality Monitoring 

These last qualitative observations have a very significant impact on the 
design of procedures for measuring the fundamental multiplication constant, 
say during fabrication or handling (insertion and removal) of a multiplying 
target. Conventional reactor practice applies to situations in which the 
fundamental eigenfunction is dominant or nearly dominant, as in the approach 
to criticality. In the case of far-subcritical systems, say k, = .90, the 
fundamental mode does not dominate, and many modes contribute to the total 
neutron density or flux at a position where it might be monitored. 
Procedures for monitoring k, must surely be devised to detect incipient 
criticality, k + 1.0, for obvious safety reasons. However, the procedures 
must also succeed, in that false indications of approach to criticality must 
be ruled out.We suffered this problem in designing the insertion procedures 
for the IPNS Booster target; detailed calculation of the detector response is 
necessary to provide. predictions of the monitored neutron density, if that is 
the procedure followed. Other methods, such as Rossi-cu measurements suffer 
from comparable difficulties. 
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VII. Power and Power Density 

Producing neutrons by fission is less efficient than by spallation--about 

190. MeV of sensible heat is deposited locally per fission. For 235U, at 

best 5 - 1 = 1.7 neutrons per fission remain as potential leakage neutrons 
(one is needed to propagate the chain reaction), so that at best, about 112. 
MeV of heat must be removed to provide each leakage neutron. Pure 

spallation, on the other hand is endothermic so that slightly less than the 
proton beam energy appears as heat7 with about 40. MeV of heat required to be 
dissipated to produce a neutron from Pb. Booster targets therefore must be 
designed to dissipate more heat than pure spallation targets to produce the 
same number of neutrons; for a 15 fi proton beam current and a 238U target as 
in IPNS, the power increases from about 6 kW to about 53 kW. 

This is not as bad as it seems in terms of the total power figures, since the 
power density distribution in booster targets is considerably smoother than 
in pure spallation targets, and the local power density determines the 
difficulty of heat removal. Figure 5 shows the computed power density 
distribution in the IPNS Booster Target. 

DISK STACK 

- SPALLATION 

ii! 
PROTON ’ 2 4 8 8 10 12 14 18 18 20 22 24 

BEAM - TARGET LENGTH, cm 

Figure 5. The power density distribution in the IPNS Booster target. 

VIII. Materials and Metallurgy 

Since our last report, we have had to overcome numerous difficulties in the 
disk fabrication process; in the end, we have succeeded. 

Two general areas of uranium target design relate to questions of metallurgy: 
bonding and texture. 

Cleanliness is next to Godliness, they say. In relation to disk fabrication, 
cleanliness is next to Bondedness, and we found.it necessary to develop-a new 
regimen for-cleaning surfaces and handling components in order to produce 
reliable Zircaloy-to-uranium bonds between the cladding and the target 
material. 
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The same is true of the gas in the Hot Isostatic Pressing (HIP) apparatus. 
We found it necessary to send our small HIP machine to Oak Ridge for the 
purpose, since outgassing from the insulation in the pressure chamber of the 
Oak Ridge device contaminated the parts sufficiently to degrade the cladding 
surface. 

Because it was necessary to clamp the cladding cans tightly together prior to 
evacuation of the welding chamber, we found it necessary to provide special 
vents around the periphery of the circumferential electron-beam weld, in 
order to release the air from the clearance space between the clad and the 
uranium. Even the small amount of air that remained in that space after 
pumping on the welding chamber without the vents, prevented good bonding, we 
determined. 

Special attention had to be devoted to controlling the electron-beam welding 
parameters. Although we obviously have found a method of producing reliable 

welds, we must admit that we still do not understand the microscopically 
observed pattern of recrystallization as it relates to the zone of fusion in 
the weld. 

The cast uranium alloy has considerably greater metallurgical texture 
(preferred orientation) and grains larger than the depleted uranium target 
material with which we have had such good experience. These observations led 
us to an extensive neutron diffraction investigation to characterize the 
material; in the process we developed newly the capability for carrying out 
those studies at IPNS4. Having obtained our best characterization, we had 
much to puzzle out, as to how this will affect the target. Ultimately, we 

adjusted the diameter of the disks, and the range of travel of the 
compression spring, to account for our maximal estimates of anisotropic 
growth of the disks. Initially, we believed that this will limit the 
lifetime of the target to between 31/z and 5 years under current operating 
conditions. However, an ultrasonic examination program provided for in the 
design of the booster has shown, after 
taking place at a rate approximately 
for. 

IX. Safeguards, Security and Safety 

two years of operation, that growth is 
l/lOth of the rate initially allowed 

Requirements for safeguards and security (e.g. antiproliferation) and safety 
vary locally, and can impose significant conditions on a booster target 
project. Any program intended to lead to installation of a fissile booster 
target should be launched with ongoing simultaneous efforts to comply with 
these regulations, obtain the associated approvals, and provide the needed 
documentation. The IPNS Booster Project profited immensely from this 
approach. 
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XI. Conclusions 

First experience with the IPNS Enriched.Uranium Booster target is 
encouraging. The intensity gained is approximately what was expected, and 
the main negative effect of the increased background of delayed neutrons 
(also consistent with expectations) seems so far to be able to be dealt with. 
A considerable body of information exists concerning the performance and 
operational problems of moderators, which enable the design of tailored 
moderators for many purposes. More development should be pursued to provide 
better moderators, especially cold moderators appropriate for use in high- 
power sources. 
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Q(I.M.Thorson): Can you give usanyindication oftherslativeimportanceof(y,n)neutronsin DorBe,relative 
to delayed neutron problem? 2 

Do any of the operating facilities seeany significant background component that can be attributed to (y, n) 
neutrons? 

A(J.M.Carpenter): In reactors, photoneutrons are typically less than 10% of fusion delayed neutrons; the situation 
in spallation sources is not known. It would be informative if measurements were made at LANSCE (W target) 
or ISIS (when Ta target is in place); even though the relative delayed neutron number may be quite small, it 
should be easily determined. 

Q(N.Watanabe): You have 2.5 times more neutrons with 5 time more delayed neutrons. % it correct? Why you 
have an effective gain factor 2.5 rather than 1 / (l-k& = 5? Is the heat distribution more flat compared to the 
depleted uranium target? 

A(J.M.Carpenmr): Yes; the average (many beams) gain is x2.5. This differs from the simple 1 / (l-k) because all 
the source neutrons do not couple into the fundamental mode. The best distribution is in fact somewhat flatter. 

Q(G.J.Russell): In the context of a several target station, have you considered sub-critical dynamic booster to help 
in the delayed neutron problem for 235U fuel? How do mechanical complexities stack-up against potential 
problems of substituting 239Pu for u5U vis-a-vis Health-Safety and Environments issues. 

A(J.M.Carpenter): Yes, but only briefly (about 10 minutes in a project of 5’years’ duration). The combination of 
mechanical complexity and potential criticality hazards makes such a proposition outside our capacity to deal 
with. Concerning use of 239Pu, the chemical and a-activity problems, difficult in themselves, probably are 
outweighed by problems of metallurgy: if it is possible, Pu is metallurgically more difficult than U. This last 
comment is inapplicable if a “slow” booster were considered, which enables use of oxide fuel. 
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GENERAL ASPECTS OF THE ISIS UPGRADE 

T A Broome, I S K Gardner and G H Rees. 
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ABSTRACT 
Current and proposed work on the ISIS accelerator and target station are 

described. 

1. INTRODUCTION 

The planned ISIS upgrade programme for the accelerator and target station is 
described. This programme aims to increase the synchrotron energy from 750 MeV 
to 800 MeV, and to increase the intensity from 1OOuA towards 200uA and also to 
continue the improvement in the reliability of the facility. In addition some 
longer term possible developments are mentioned. 

As the upgrade programme for the accelerator and the target station are 
detailed in two other papers [1,2] for this conference only brief outlines 
the work will be given here. 

2. PRESENT STATUS 

of 

A comparison of the yearly operation from 1987 is shown in Table 1 with data 
for 1990 up to the end of September. The main effort in the last two years has 
been directed at improving the accelerator reliability and reducing the 

frequency of beam trips which are thought to shorten the lifetime of the 
Uranium target. The uAhrs between trips has risen by a factor of nine since 
1987. The target performance is summarised in Table 2. 

The fith Uranium target was installed in July this year. The investigation 
into the failure of Uranium target number 2 was reported at the last ICANS 
meeting. Since then two more Uranium targets have failed. The failure of 
target 3 followed a very similar pattern to targets 1 and 2 with a progressive 
blockage in the cooling channels at the front of the target to the point that 
the temperature of the Uranium plates became unacceptable and the target was 
changed. The behaviour of target 4 was somewhat different from the other 
targets in that during its operational life there were significant and abrupt, 
changes in the flow and pressure drop characteristics of the front cooling 
channels with no effect on the target plate temperatures. These changes are 
not understood. Finally, as with the other targets, the monitoring indicated a 
partial blockage and a small quantity of Uranium fission products was detected 
in the cooling water, indicating a cladding failure, so the target was changed. 
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1987 1988 1989 1990 
(So far) 

Total Scheduled User Time(Days) 176 182 178 119 

Total Lost Time(Days) 48 50 47 24 

Total Time on Target(Days) 128 132 131 95 

Percentage of time on Target 73% 72% 73% 80% 

Total Integrated Current(mAhrs) 120 230 288 218 

Average Current during scheduled 28 53 67 77 
time(uA) 

Average Current with beam on(uA) 39 72 91 96 

Peak Current averaged over 24 hrs(uA) 70 97 107 102 

uAhrs per trip 6 18 31 53 

Number of cycles for science 7 6 7 4 

Table 1 

Target Gross Thermal 
Cycles 

Integrated 
Current 
mAhr 

U#l 

U#2 

U#3 

U#4 

Ta#l 

U#5 

Not measured 

> 38624 

10389 

4147 

18124 

1657 

Table 2 

92.4 

53.1 

174.9 

138.8 

327.5 

104.1 
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Some difficulties with the production of Uranium targets, which have now been 
resolved, resulted in extended running using the backup Tantalum target. 

3 REQUIRED PERFORMANCE _ 

It is now anticipated that the trapping efficiency in the synchrotron, at high 
intensity, will be about 60% and not 50% as originally envisaged. Allowing 

2% beam absorption in the thick Muon target the required and achieved 
performance figures for the accelerator are listed in Table 3. 

for 

Required Achieved 

Beam on Target 2.50 E 13 ppp 1.60 E 13 ppp 
Accelerated Beam 2.55 E 13 11 1.60 E 13 ' 
Trapped Beam 2.58 E 13 fl 1.60 E 13 ' 
Accepted Beam (70 MeV) 4.30 E 13 ' 3.30 E 13 ' 
Injector Beam (70 MeV) 4.39 E 13 ' 4.00 E 13 I# 
Pre-injector Beam (650 KeV) 7.98 E 13 11 8.75 E 13 ' 

Table 3 

With the present limit of 350 us pulse length on the linac RF system these 
figures indicate a current from the linac of 20 mA and a pre-injector,current 
of 36.5 mA. Pre-injector H- currents of 50 mA have now been reached and 40 mA 
currents have been maintained for days with resulting 70 MeV beams of about 18 
mA. 

4 THE KFK/RAL IMPROVEMENT PROGRAMME 

This improvement programme is outlined in Fig 1. It started this year 
following the completion of a KFK/RAL supplementary agreement. It is expected 
that all the hardware will be completed and installed by April 1993. Equipment 
installation‘will take place during each of the long shut-downs which last from 
January to at least April each year. The equipment required to raise the 
synchrotron energy to 800 MeV will be installed in the shut-down of 1991. The 
additional synchrotron magnets (octupoles and sextupoles) required for higher 
intensity operation will be installed in 1992. The Target Station 
modifications for 200 uA beams will be completed by 1992. 

5 OTHER DEVELOPMENT AREAS 

Installation of a collimator after the Muon target in the 800 MeV beam 
transport line has greatly reduced the radiation problems in this beam line but 
the levels on the beam line components at 
make maintenance in this area difficult. 
problem is now being investigated. 

the end near the main target still 
A development plan to address this 
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Year -> 

Planned Beam Energy 
750 MeV 
800 MeV Trials 
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10 - 15 mA 
15 - 20 mA 
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Beam Intensity 

100 - 130 uA 
130.- 200 uA 

Ion Source and Pre- 
injector complete 

70 MeV transfer line 
power supplies complete 

Linac debuncher' 
complete 

Octupoles, sextupoles 6 
dipoles installed 

Synchrotron RF high 
power amplifier complete 

Extraction kickers 
upgrade complete 

800 MeV beam line 
power supplies complete 

Target station 
complete for 200 uA 

Beam diagnostics 
design & installation 

Installed Equipment 
Reliability Improvement 

KFK/RAL ISIS 

1990 

UPGRADE PROGRAMME 

1991 1992 1993 

Fig 1 
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6 TARGET STATION DEVELOPMENT 

There are several possibilities for Uranium target development which will 
improve the lifetime of the Uranium targets. The main thrust of this 

development work is to provide targets with better resistance to thermal 
cycliing damage. This can be achieved a number of ways: by altering the 
details of the heat treatment of the target plates in manufacture, by changing 
the design of the cladding and support frame for the plates and by the use of a 
Uranium Molybdenum alloy as the basic target material. Details of this work 

are being given in another paper at this conference [2]. 

A new backup target is being designed and will be built using Tungsten. This 
will give a significantly greater neutron yield than the existing Tantalum 
backup target. 

A major upgrade,of the cryogenic plant for the methane moderator will be 
installed early in 1991. This will allow online replacement of the liquid 
methane. Radiation damage to the methane during operation produces higher 
hydrocarbons and hydrogen with the result that the neutron fluxes from the 

moderator are reduced by as much as 30% during the four week run at a mean 
current of 100 uA. Also many of the hydrocarbons formed are solid at the 
operating teperature, 100 K, with the consequent risk of blockage. It is clear 
that without this upgrade it will not be practical to operate at beam currents 
as high as 200 uA. 

7 LONGER TERM DEVELOPMENTS 

Some consideration is now being given to the design of a second Target Station 
for ISIS. Initial thoughts suggest a pulse repetition rate of about 12.5 Hz. 

A facility for the production of radioactive beams in the mass range 9 to 240 
with energies up to 40.6 MeV/nucleon at A-238, 123.4 MeV/nucleon at A-79 and 
183.5MeV/nucleon at A-9 is also under consideration. A fraction of the ISIS 
800 MeV proton beam would be used to produce these exotic nuclei by the 
bombardment of suitable targets. The new nuclei would be selected by an 
isotope seperator and then accelerated. 

The future development programme will also cover the compatability of both the 
above facilities with the possible upgrade of ISIS to 1.6.mA beam current by 

changing to an 800 MeV storage&ring mode of operation. 
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Q(N.Watanabe): Do you need additional shield on the target station? 
A&Gardner): Additional shiekiing will be required. It will be achieved by replacing some of the concrete on top of 

the target station by iron. 
Q(R.Pynn): What is the projected cost of the ISIS upgrade to ZOOpA. 
A&Gardner): The projected cost of the ISIS upgrade to 200@ is E3.4M plus 100 man years of effort. 
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ABSTRUCT 
This paper will describe the general idea of the JHP facility, primarily from the accelerator’s 
point of view, and up-to-date results of the research and development on accelerator 
components. Among others, the R&D on the proton linac has been pursued at the KEK 
Laboratory since 1987, efforts having been devoted mainly to the development of prototype r-f 
power sources, the rf structure development for the coupled-cell linac and the realization of a 
lo-MeV linac. The R&D study on the heavy-ion linac has been made at Institute for Nuclear 
Study, University of Tokyo, primarily on the split-coaxial RFQ linac. 

I. INTRODUCTION 

The Japanese Hadron Project (JHP) aims at a new research facility for not only neutron 
scattering but also muon science and unstable nucleus physics. Secondary beams like neutrons, 
mesons, muons and unstable nuclei are produced with a proton beam of 1 GeV and 200 PA in the 
JHP.‘) 

To date, in Japan, research of pulsed-neutron scattering and muon science has been done at 
KEK since 1980, using a proton beam of the Booster, Synchrotron of the 12-GeV KEK-PS. This 
facility provides with a beam of an average current of. 6 p.A at an energy of 500 MeV. There has 
been a strong demand for higher intensity for many years. 

Physics using shortYlived, exotic nucleus beams has brought about growing interests among not 
only. nuclear physics, but also astrophysics, atomic physics and so forth. Spallation reactions from 
heavy elements bombarded with high-energy protons are preferable for producing a variety of 
unstable nuclei. 

A particular feature of the JHP is that it is a combined project of various disciplines which use 
hadron beams. Accordingly, the time structure of secondary beams is required .to cover a wide range 
from an ultra-short pulse of 20 ns to the continuous. Hence, we have proposed the accelerator 
system which is composed of a proton linear accelerator, a compressor/stretcher ring, and a heavy- 
ion linear accelerator. The layout of the proposed facility is shown in Fig, 1. 

The source of the proton beam is a linear accelerator of 500 m in length, which delivers a 
negative hydrogen beam with an average current of 400 PA at an energy of 1 GeV. It operates at a 
repetition rate of 50 Hz with a peak current of 20 mA and a macro-pulse length of 400 ps. A large 
fraction of the accelerated beam is transferred to the compressor/stretcher ring, and only a small 
fraction of the accelerated beam, e.g. 10 - 30 PA, is transferred to a production target of unstable 
nuclei. 

The function of the compressor/stretcher ring is to compress a 400~ps ‘long beam pulse delivered 
from the linac to much shorter one, or to make a continuous beam by stretching the accumulated 
beam. The rf frequency of the ring is twice as high as the revolution frequency,and two bunches 
are formed in the ring. The time duration of the bunch is 200 ns in the normal operation. One of 
these bunches-is extracted to the spallation neutron source by fast extraction. The number of protons 
per bunch will be 1.2 x 10’3, the average current dedicated to the neutron source being 100 pA. 

The residual bunch is dedicated to muon(and meson) science. The muon science arena requires 
an extracted beam of a time structure ranging from an ultra.-short pulse to the continuous. In the 
normal operation, the residual bunch is extracted without any measure with a pulse length of 200 ns. 
If one needs an ultra-short bunch, it is further compressed with the non-adiabatic bunch rotation 
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technique using r-f. When the continuous beam is required, the beam is moved to a specific betatron 
resonance and extracted over a period of 20 ms with the resonance extraction method. 

The production of unstable beams applies the technique of on-line isotope separator. The proton 
beam of some 10 PA hits a thick target of heavy.elements, and spallation products, diffused from 
inside, are ionized and resolved in mass with a high-resolution mass separator. Unstable nuclei so 
produced are accelerator to an energy of 6.5 MeV/u with a heavy-ion linear accelerator system. 

II. DESCRIPTION OF THE R&D PROGRAM 

The most crucial issue in the development of the accelerator system of the JHP is the proton 
linear accelerator. Therefore, we have been running the R&D study since 1987 in the Accelerator 
Department of the KEK Laboratory. In parallel to this, a development program has been pursued, at 
Institute for Nuclear Study, University of Tokyo, on the heavy-ion linac. 

The proposed proton linear accelerator is composed of;21 
r a negative-hydrogen ion source (50 keV) 
- a four-vane RFQ (3 MeV) 
- an Alvarez section (150MeV) 
- a high-8 section (1000 MeV) 

as shown in Fig.2. The design parameters of the linac are shown in Table 1. The following is a brief 
description of the proton linac. 

A feature of the present linear accelerator is that higher rf frequencies are adopted, compared 
with the conventional. The RFQ and Alvarez sections will operate at 432 MHz, while many proton 
linacs so far have been operating in the 200-MHz domain. Taking account of the trapping efficiency 
across the transition region, the high-8 section will be at 1296 MHz. These choices make it possible 
to apply klystron amplifiers at both frequencies, -which implies, much more stable and reliable 
operation than expected with niode or tetrode amplifiers. In particular, klystrons with specifications 
close to the present requirement are commercially available in the 400~MHz and 13OOMHz regions. 
Although common in every accelerator, beam availability should be exceptionally important in the 
JHP linear accelerator, since the users of the experimental facilities will be a number of small-scale 
experiments, rather than a small number of big, long-term experiments as in high energy physics. 

No working linacs in the above-mentioned frequency domains exist up to date, although test 
accelerators have been built; e.g. the 400-MHz region at Los Alamos. Therefore, the design must be 
confirmed in actual models, and experiences in operation of the technical components and their 
assemblies at their nominal ratings must be gained in advance of making the final design.‘Hence, we 
have set the followings as the objectives of the R&D study: 
(1) Confirmation of the design, particularly of the low-energy end; 

Performance of the whole system is. strongly dependent on performance of the front-end. 
Therefore, the construction of the actual prototype of the front-end of the linac with an energy 
of about 10 MeV has been exhaustively pursued from the beginning. 

(2) Development of the rf structure~preferable for the high-8 section. 
The high-8 section is the main body of the linac in size and cost. 

(3) Development of prototype rf sources at both frequencies with designed ratings. 
Stability ‘and reliability in operation of the linac depend on how stable and reliable rf power 
sources work. Beam availability of the whole JHP facility will be certainly determined by 
reliability of the proton linac. Thirteen power sources are required for the RFQ and Alvarez 
sections, and 36 for the high-8 section. In this context, we started the R&D program from 
fabrication of power sources! 

The negative&hydrogen ion source is of a volume-production type. Since an RFQ linac will be 
placed very close to the ion source, a cusp-field surface-plasma typeion source, which uses cesium 
vapor and could reduce breakdown. voltage in the RFQ, is not preferable, although it has been 
working stably in theREK-PS for many years. The volume-production type ion source is primarily 
free from cesium, and has been believed to be bright. 

An energy of 3 MeV has been chosen for the. RFQ. Higher energy of the preinjector is 
preferable for the following Alvarez section. Even with the high injection. energy to the Alvarez 
section, the length of the unit cell at the entrance of the Alvarez section is 25 mm, since the rf 
frequency is twice as high as the conventional one. Hence, strong focusing will be required, in 
particular at the low-energy part, and permanent magnet quadrupoles will be used. They can 
produced a field gradient as high as 185 T/m for a bore radius as small as 6 mm. The RFQ and, 
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Alvarez sections 
OflMW. 

are supplied rf power by 13 klystrons, each of which will deliver a Peak lf power 

The high-l) section is made of coupled-cell structures, as usual. The total number of accelerating 
cells is 3568. They are grouped into 152 tanks, and fed t-f power by 36 klystrons, whose peak rf 
power is 3 MW. 

The heavy-ion linac for accelerating unstable nucleus beams is composed of; 3, 
a split-coaxial RFQ (to an energy of 170 keV/u) 
an M-type linac (1.4 MeV/u) 
an Alvarez section (6.5 MeV/u). 

Fig. 3 shows the schematic of the proposed heavy-ion linac. 
Unstable nuclei produced in the ISOL ion source have an energy of 1 keV/u. Since the velocity 

of particles is very slow, the rf frequency of the front-end of the heavy-ion linac will be as low as a 
few ten MHz. The conventional four-vane type RFQ will become big at these frequencies, hence a 
special rf structure is necessary to accelerate them. The split-coaxial RFQ(SCRFQ) with four vanes 
is the one which we have adopted in the present scheme. This accelerator can accept unstable 
particles of a charge-to-mass ratio down to l/30. In addition to this main channel, a side channel is 
conceived in order to accelerate stable nuclei of larger charge-to-mass ratios. 

The principal objectives of the R&D study on the heavy-ion linac are the development of the 
ISOL ion source system and the SCRFQ linac. 

III. RESULTS OF THE R&D STUDY 

III-l. Development of the front-end of the linac 

(1) Volume-production type ion source 
A volume source has been developed, since it is thought to be bright and free from cesium, as 

described before. The final goal of the ion source is a peak current of more than 20 mA with a 
normalized emittance of In: mmsmrad. After fabricating a couple of models, we have achieved a 
current of 20 mA with a reasonable size of emittance. 

A recent remarkable finding on the volume source is that introduction of cesium brings about 
appreciable increase in intensity. In our source, we have observed an increase of intensity; e.g. 
from 3.5 mA to 13mA4), by the introduction of a little bit of cesium. The fact that no continuous 
supply of cesium is necessary in the volume source is quite different from the surface-plasma type 
ion source, in which a fairly large amount of cesium consumption is needed in order to keep cesium 
coverage of the converter surface on which negative hydrogens are produced. 

We have been making experiments in order to explore the mechanism of negative ion production 
in the volume source. It has been conceived so far that negative hydrogens are produced through 
dissociative attachment of electrons to highly-excited hydrogen molecules; e- + H2*+H + H-. 
According to experiments made at KEK, the reaction of Ho (thermal energy) + e (metal)+H- on the 
surface of the anode electrode plays an important role in the production of negative hydrogens in the 
volume source. In this mechanism, cesium decreases the work function of the surface, and the 
above-mentioned reaction becomes easy to occur. 

Mori and his collaborators have been measuring the reaction cross section of the above- 
mentioned fundamental process.5) 

(2) RFQ linac 
The RFQ linac has been recently used as the preinjector to proton and heavy-ion linacs, since it 

can bunch and accelerate particles with high efficiency. The conventional Cockcroft-Walton 
accelerators are limited in the practical maximum energy to 750keV,while it is possible to design an 
RFQ linac of much higher energies. The highest energy so far is 2 MeV, which was achieved in Los 
Alamos. We have struggled with optimization of the RFQ energy by compromising technical 
feasibilities of a high-energy RFQ and the front-end of the Alvarez section. An energy of 3 MeV has 
been adopted. The length of the RFQ becomes 2.7 m, in order to keep the maximum surface electric 
field less than 1.8 times the Kilpatrick limit. This RFQ is made of vacuum-melt, oxigen-free 
copper( 0.2% of silver added). It is, in general, difficult to fabricate a four-vane RFQ long 
compared to the rf wavelength (4 times the r-f wavelength in this case). In order to examine rf 
properties of the long RFQ, a cold model cavity, full in size but with no vane modulation and no 
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side tuners, was constructed. We have achieved an intervane distance errors of + 10 pm, and a 
longitudinal and azimuthal field uniformity of + 3.5 % with adjusting only end tuners.61 It is 
expected that a more uniform distribution could be obtained if side tuners will be installed. 

In general, field non-uniformities arise from geometrical imperfections. If the frequency 
difference between the accelerating mode and the nearest dipole or higher-order quadrupole mode is 
small as is the case for a longer cavity, a small amount of imperfection mixes these modes and leads 
to an appreciable field non-uniformity. This is a reason why mechanical accuracy is much severer 
for longer cavities. 

According to experiences so far, tuning process, was complicated even with end tuners only. 
Actually the field distribution was apt to be affected even with change in ambient ‘temperature. 
Furthermore, when we go to a high-power model, we must anticipate thermal deformation of the 
cavity and situation would be much more complicated. 

It is quite common in the RFQ cavity to use a measure of stabilizing fields. The most classical 
way is the vane coupling ring(VCR), as shown in Fig. 4(a). Although it has been known to be 
effective to stabilize fields in most RFQ linacs operating so far, its mechanical structure is rather 
complicated and cooling of vane coupling rings is very difficult. Application of the vane coupling 
ring specifically to high-duty RFQ seems to be unpractical. Hence, main efforts have been devoted 
to develop a new stabilizing mechanism which is applicable to a high-duty cavity like the present 
case, and a new stabilizing structure have been devised, which we call as the “n-mode stabilizing 
loop(PISL)“?) as shown in Fig. 4(b). 

The principle of the PISL is that the total magnetic flux normal to a surface surrounded by a 
conducting closed-loop is zero. As can be seen in FigA( the PISL affects mainly the field pattern 
of dipole modes, while leaving the quadrupole modes unchanged. As a consequence, the 
introduction of the PISL pushes up the frequencies of dipole modes. The larger the coupling area, 
the larger the frequency shift. As is easily seen, the VCR has the largest coupling area among 
possible PISL configurations. The PISL concept is certainly a generalization of the vane-coupling- 
ring concept. 

As MAFIA simulations have indicated, the frequency difference of the nearest dipole mode from 
the accelerating mode is -14 MHz without any stabilizing mechanism, while it become +80 MHz 
with an introduction of the PISL. It is important that the dipole modes lie above the accelerating 
mode. The induced capacitance due to the PISL is several times smaller than that of the VCR. ‘The 
induced current on the conductor and hence the reduction of Q-value are smaller for the PISL than 
the VCR, accordingly. Resultant longitudinal variations of the quadrupole field on the beam axis are 
0.16 % and 0.38 % for the PISL and the VCR, respectively. 

Application of the PISL structure to the cold model which we have already finished is now in 
progress. Confirmation of the new stabilization mechanism-will be made by the end of this year. 
Based on these studies, a high-power model will be fabricated in FY 1991. 

(3) Alvarez section*) 
Before fabricating a high-power model, a 35cell cold model, 2.6 m long and made of aluminum 

alloy, was fabricated in order to confii the design of the front-end of the Alvarez section. As seen 
in Fig. 5, a field flatness within 1.2 % was obtained without use of post couplers. Measurements 
have ,shown that the cavity becomes proof against perturbations when post couplers are used, and 
that it is the optimum to put the post couplers every other cell. 

In parallel with rf property studies on the cold model, we have proceeded with development of 
fabrication techniques of a high-power cavity. The most crucial is the fabrication of NdFeB 
quadrupole magnets. NdPeB has an advantage,of stronger field strength than SmCo, while weaker 
against radiation. Hence NdFeB will be used at the low-energy end of the linac, where a stronger 
field is required. From beam dynamics requirements, the deviation of the magnetic center from the 
axis must be less than 20 pm (r.m.s.), which predicts a deviation’ of the beam from the axis of 1 
mm. We have already succeeded in fabricating NdFeB quadrupole magnets with the required 
accuracy. 

The fabrication of a high-power model 1.2 m long, which corresponds to an energy from 3 MeV 
to 5.4 MeV, is in progress. It comprises two separate tanks, involving totally 18 cells. The tank 
and drift tubes are made of oxgen-free copper (OFC). This model will be finished by March 199 1. 
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III-2. Rf structure development of the high-8 sectiong) 

Among various r-f structures, the annular-coupled structure (ACS) has been pursued for the 
high-8 section of the JHP linac, since it preserves axial symmetry, which is preferable for 
mechanical and electrical stabilities, and it has relatively high shunt impedance. The on-axis-coupled 
structure (OCS) has been used in the TRISTAN electron-positron collider of the KEK Laboratory 
for many years, and a lot of experience in fabrication and operation of the OCS has been 
accumulated there. The side-coupled structure (SCS) hasbeen developed and used in LAMPF of 
LANL, and rf properties have been well understood. The structures of these coupled-cavities are 
shown schematically in Fig.6. 

The idea of the ACS is not new, but there have been no ACS cavities so far, which have been. 
developed up to a level sufficient for practical use. The ACS which was developed in the past was a 
‘two-slot’ ACS. But it is inferior to other coupled-cell structures such as the SCS in many respects, 
and it has been ignored for many years. Problems of the two-slot ACS are that the TM110 mode 
intrudes into the accelerating passband when the slot orientation is identical in every cell, and that the 
accelerating mode excites a TMzru-like mode in the annular coupling cell, when the slot orientation 
alternates by 90’ from cell to cell, which reduces the shunt impedance of the ACS. 

In course of the R&D study, we have found, through computer simulation and model test, that 
these problems are all cleared up when the number of slots makes four or greater. In particular, the 
‘four-slot’ ACS could be promising for the high-8 structure. As a matter of fact, resonant 
frequencies of the accelerating mode and the TM110 mode separate each other (Fig. 7), and the shunt 
impedance is fairly good, 42 MrUm measured at a coupling factor of 0.05. This is competitive with 
the side-coupled structure. 

In order to check performance at high-power, we have constructed a prototype model of a 
reduced cell number. Figure 8 show the schematic drawing of the high-power model. It comprises 
a pair of ACS cavities of five accelerating cells coupled via a bridge coupler. 

According to low-level measurements, the unloaded Q-value is 1.9 x 104, which& 79 % of the 
one calculated with SUPERFISH. Since the reduction of Q-value owing to surface finish and 
assembling is estimated as around 4 %, a reduction of 17 % might come from coupling slots. 
Figure 9 is the distribution of the accelerating-field measured on the beam axis. It was sufficiently 
uniform, and no tuning was necessary. 

High-power test has been finished with a peak power of 300 kW, a repetition rate of 50 Hz and 
an rf pulse length of 300 ps. Except for the pulse length, whose designed value is 500 ps, and 
which is limited by the pulse-forming network of the power supply, the operating conditionis the 
same as the designed value. Figure 10 shows a result of the first conditioning of the assembled unit. 
The design value was reached in 10 hours. During conditioning, no light emissions due to discharge 
or arcing were observed inside the cavity. A plateau at 170 kW is owing to conditioning of the rf 
window. Once the designed power has bee reached, no aging effects are now observed. 

III-3. Rf power source development. 

As mentioned earlier, we started the R&D program by designing and fabricating a prototype rf 
power source for 1296 MHz with the specifications similar to one unit of the coupled-cell linac, 
since we have thought that the power source is the most critical component of the linac, and that the 
development of components satisfying the specified rating is urgent. Since the required peak power 
is 5 MW, the capability of the klystron must exceed 5.5 MW. This power is almost the maximum 
which is thought technically achievable for the pulse length of 600 p.s. The pulsed power supply is a 
line-type modulator and uses a pulse transformer of step-up ratio of 7. The power source itself has 
been operating, using a dummy load, with a peak power of 5 MW and a pulse length of 400 ps at a 
repetition rate of 30 Hz. It has been used for testing the prototype ACS cavity assembly.tO) 

The rf power source for 432 MHz has already been designed and started fabrication. It uses a 
klystron with a modulation anode. The high voltage power supply and the hard-tube modulator for 
the modulation anode have been finished and assembled in KEK. The klystron is now on order. 

Table 2 shows the specifications of these power sources. 



III-4. Development of the SCRFQ. 

The history of research on the split-coaxial RFQ at INS islong. Arai and his collaborators have 
developed the SCRFQ since 1984. The particular features of the INS’ SCRFQ-are that it uses four 
vanes to generate transverse focusing and longitudinal accelerating fields, and that it applies the 
multi-module cavity structure, which makes it possible to fix electrodes to the cavity wall with stems 
firmly. 

A proton model’of the SCRFQ of a frequency of 50 MHz was fabricated in order to investigate 
rf properties of this type SCRFQ. Table 3 lists the main parameters of the proton model; and Fig. 11 
shows the structure of the four-vane SCRFQ. In this model, a mechanical accuracy of vane 
alignment better than &O.lmm was obtained, and a good ,field stability was achieved. Beam 
acceleration test has shown that the performance on output energy, beam emittance and transmission 
efficiency was in good agreement with the design.“) 

After success in the proton model, a’ prototype model, which works under a high-power 
condition similar to the final design of the JI-IP heavy-ion accelerator, has been fabricated, in order 
to examine cooling efficiency,breakdown problem and to accelerate particle beams under the 
working conditions. This model is completely the same as the front-end of the JHP heavy-ion linac, 
‘except’for the acceptable charge-to-mass ratio. Table 4 lists the main parameters of the 25.5 MHz 
prototype SCRFQ, and Fig. 12 shows the schematic of the prototype SCRFQ.12) 

The fabrication of the cavity was completed in October, 1989. As results of low-power tests, the 
uniformity of fields among four quadrants is satisfactory(within &0.6%). The unloaded Q-value is 
6400, which is about 84% of the calculation. In high-power tests,- they have achieved an intervane 
voltage of 110 kV with a peak power of 70 kW. Fig. 13 shows a curve of attained intervane voltage 
as a function of aging time. In this graph, aging time means (operation time) x (duty factor). This 
data was obtained with a duty factor of 0.6% - 3%. The multipactoring levels were overcome after 
aging time of 140 minutes. 

High-power tests are continuing so as to increase duty factor to the designed value of 10%. 
Beam acceleration test will begin with fl+ ions by December 1990. 
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Table 1 Design parameters of the proton linear accelerator. 

.Energy . 
Total length 
Average current 

I Repetition rate 
Peak current 
Beam pulse,length 
Rf pulse length 
Duty factor 

1 Gev 
500 ‘rn- i 

4!i kc 

20 mA 
400 l.ts 

60Zs 0 
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Table 2 Specifications of rf power sources. 

A. 1296XHz rf power source 
Modulator and pulse transformer 

Line-type 
Peak voltage 140 kV 
Peak current 107 A 
Pulse duration 600 IJs 

Klystron 
Thomson, TH2104A 
Peak output power 5.5 Mw 
Pulse duration 600 ps 
Repetition 50 Hz 

B . 432-MHz rf power source 
Modulating anode/hard-tube modulator 

Output voltage 
Peak output current 
Pulse duration 
Nunber of load klystrons 

Klystron 
Thomson, TH2134 
Peak output power 
Pulse duration 
Repetition 

110 kV 
92 A 

600 p.s 
2 

2MsV 
600 ps 

50 Hz 

Table 3 Main parameters of the 5OMHz proton model of the SCRFQ. 

Frequency 
Kinetic energy 
Normalized em&axe 
Vane length 
Cavity diameter 
Inter-vane voltage 
Transmission 
@mA) 

50 MHz 
2.0 59.6 keV 

0.3x mmmrad 
2.052 cm 

0.4 m 
2.9 kV 

85 % 
76 % 
62 % 

Table 4 Main parameters of the 25.5 MHz prototype of the SCRFQ. 

Frequency 
Charge-tomass ratio 
Kinetic energy 
Normalized emittance 
Vane length 
Maximum inter-vane vohage 
Kilpatrick factor 
Minimum bore radius 
Transmission 
(3mA) 
(5mA) 

25.5 MHz 
>1/30 

1.0 45.4 keV/u 
0.6x mm.mrad 

2.135 m 
109.3 kV 

522: mm 
(YlA; y.6 % 

47:4 % 

146 



to the KEK PS 

M Arena 

1GeV Linac 

7 
I 

0 100 200 

Fig. 1 Layout of the proposed facility of the JHP. 
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Fig. 2 Schematic of the proposed proton linear accelerator. 
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Fig. 3 Schematic of the proposed heavy-ion linear accelerator. 
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Fig. 4 Field stabilizing mechanisms. 
(a) vane coupling ring and (b) x-mode stabilizing loop. 

Fig. 5 Field distribution for the 432-m Alvarez linac cold model. 
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Fig. 6 Various coupled-cavity structures. 
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Fig. 7 Resonant frequencies of the accelerating mode and the higher-order 
modes for the four-slot ACS cavity. 

Fig. 8 Schematic drawing of the ACS high-power model. 
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Fig. 10 First conditioning history of the assembled ACS unit. 
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Fig. 12 25.5MHz prototype model of the SCRFQ. 
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Q(S.Machida): Why do you separate the DTL part of 1OMeV into two tanks? I guess there is no advantage. 
A(M.Kihara): We make a 1OMeV section as one tank. The tank is separated into pieces for technical reasons and 

assembled together. 
’ Q(A.D.Taylor): Is 4OOp.A a physical or a fiscal limit? 

A(h4.Kihar-a): A budgetary problem exists, of course. Technically, more than 4OOpA is not optimistic in the 
present design. 

Q(I.M.Thorson): What were the considerations that indicated doubling the basic operating frequency for-DTL 
section compared to existing machines? 

A(M.Kihara): The main reason is a possibility of using klystrons as power amplifiers for RFQ DTL. It gives rise 
to stable operation. 

Q(R.J.Macek): Are you planning R&D on RF sources? 
A(M.Kihara): We have finished a prototype RR source for 1296 MHz with designed specifications. A source for 

432 MHz is being fabricated now and will be finished by March -1992. 
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A review is given of two selected topics in current activities of synchrotron x-ray 
studies; magnetic x-ray scattering and inelastic x-ray scattering. These are the 
research areas where photons and neutrons directly compete and supplement 
each other. 

I. MAGNETIC X-RAY SCATTERING 

A great deal of progress has been made in the field of magnetic x-ray scattering with 
synchrotron radiation. A series of high resolution studies on Ho and other rare earth 
magnetic structures has revealed many important features of spin arrangements, which 
escaped clarification by previous neutron diffraction studies. One such example is 
shown in Fig. 1, taken from the study of the spiral structure in Ho by Gibbs et al.(l). 
They discovered that the incommensurate periodicity of Ho below T~=131K is not 
continuous and locks in specific rational fractions such as Z/11 and S/27. These ratios 
can be naturally explained by spin-slip models. For example, the r,=5/27 structure is 
constructed by one spin slip for every 9 atomic layers; namely 4 pairs of spins followed 
by 1 single spin as depicted on the right side of Fig. 1. 

This spin slip creates the interplanar lattice modulation caused by the magnetic-elastic 
interaction. This periodicity is 2/9, which is different from the magnetic period S/27. 
These two peaks, one magnetic and the other charge, are clearly seen in Fig. 1 and they 
have different line widths. These figures are a clear demonstration of the power of the 
high intensity and resolution offered by synchrotron x-ray sources. 

Magnetic x-ray scattering recently entered into its next stage of development when the 
resonance at the absorption edge(2-4) was shown to enhance the Ho magnetic cross 
section by a factor of 50. Fig. 2 shows the effect of the LIII absorption edge at 8.07KeV, on 
the Ho(OO2)+ magnetic peak. This intensity enhancement of course gives a better 
visibility for the magnetic peak, which is usually much weaker than the charge peak at 
x-ray energies outside of the resonance region. Very recently, the resonant magnetic 
scattering was studied(s) in antiferromagnetic UO2; the enhancement factor here is 106! 

One essential difference between magnetic x-ray scattering and its neutron counterpart 
concerns the contribution of the orbital moment. For neutrons, all magnetic scattering 
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WAVE VECTOR (units of co) 

I: 
SPIN SLIP 

Fig. -1 Synchrotron x-ray diffraction pattern bf the satellite above the (004) Bragg 
peak. The scattering pattern reflects both magnetic (5/27) and charge (2/9) 
modulations depicted on the spin slip model. After Gibbs et al. (Ref. 1) 
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Fig. 2 Top: The absorption measured from a thin film. Bottom: The integrated 
magnetic intensity of,the (OOZ)+ reflection of Ho near the LIII edge. After 
Gibbs et al. Ref. (4). 
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(spin and, orbital) is governed by the magnetic interaction vector q, the projection of the 
I magnetic moment on the plane perpendicular to the scattering vector Q. Thus, the 

orbital moment reveals itself only by having a.different form factor from that of spin. 
In the x-ray case, the o and IC polarizations of the scattered beam have different 
contributions from spin and orbital parts. Thus it is possible to separate out the two 
components using a polarization analyzer. This technical aspect is described in detail in 
a comprehensive paper by Gibbs et al@) on Ho magnetic scattering. Thus, by combining 
both neutron and x-ray data, one may be able to get definitive information on both 
components of the magnetization. 

II. INELASTIC X-RAY SCATTERING 
, 

The second area where x-ray scattering is beginning to overlap with neutron research is 
direct inelastic x-ray scattering. Because of its favorable energy-wavelength relation, 
neutron scattering has been the natural tool for the direct observation of elementary 
excitations in condensed matter. The most commonly used neutrons have 14 meV of 
energy and a 2.3A in wavelength. The energy of x-rays with the same wavelength is 
5 KeV. In order to attain a sufficient energy resolution for phonon studies, one has to 
use backscattering from a perfect crystal. This type of .experimental arrangement 
became feasible recently because of the brightness of x-rays emitted by synchrotron and 
storage rings. A successful test experiment was already reported by Burke1 et al@,‘) and 
is shown in Fig. 3. The monochromator I and analyzer II both consist of spherically 
bent silicon disks, grooved crosswise to reduce strains, and operate under extreme Bragg 
back reflection (777) with 8 = 89.96 at the monochromator and 8 = 89.86 at the analyzer. 
The beam is directed from the premonochromator III into the monochromator I and 
finally focused on the sample IV. The insert in Fig. 3 shows an example of phonon 
scans of diamond at (4,2,0,0). en> is the Bose occupation factor. The scan clearly 
demonstrates the imbalance between energy gain and loss. The energy -scan was carried 
out by varying the temperature of the analyzer crystal. A change of lo corresponds to 
an energy change of 30 meV. An energy resolution of 17meV was obtained at the setup 
located at the hard x-ray wiggler line W2 at ,HASYLAB. 

A similar inelastic x-ray scattering project was initiated at Brookhaven in 1980. A 
special crystal bender was constructed and tested by Fujii et al@) using an ungrooved 
crystal. 12.9 KeV x-rays from a white beam (20 x 2.5 mm*) were diffracted at 0 = 89” by 
the Si (880) reflection. The best focusing position gave the smallest spot (0.2 x 0.08 
mm*) and this focused spot is more than three order of magnitude brighter than the 
unfocused beam. This project has recently been reactivated and a systematic effort is 
now underway to construct a larger beam bender for a Si crystal 125 mm in diameter. 
This analyzer crystal must be grooved and.;a procedure has &en.developed to dice the 
Si (111) surface into 0.2 x 0.2 mm blocks, 0.7 mm in height, separated by 0.05 mm wide 
channels@). 
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It has already been demonstrated (687) that a direct observation of pho&n excitations 
can be made using a back scattering x-ray arrangement and, as examples, the Be and 
diamond dispersion curves have been mapped out and show good agreement with 
neutron scattering data. The next step is the study of electronic excitations, the unique 
capability of the x-ray setup. With three large 7 GeV x-ray rings now under 
construction around the world, significant intensity gains are expected for this type of x- 
ray scattering in the near future. 

I would like to thank Y. Fujii, P. M. Gehring, D. Gibbs, J. B. Hastings, G. H. Lander,_D. E. 
Moncton, and D. P. Siddons for stimulating discussions. Work at Brookhaven was 
supported by the Division of Materials Sciences, U.S..Department of Energy under 
contract No. DE-AC02-76CH00016. 
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SOME Thoughts on the Future of Neutron Scattering 
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ABSTRACT 
Attendees of ICANS meetings believe that neutron scattering has a bright future, but critics of 
neutron scattering argue that its practitioners are an aging group, that they use a few, very expensive 
neutron sources and that the interesting science may be done by other techniques. The ICANS 
committee asked me to comment on the future of neutron scattering in the light of this contrast. 

Some comments will be made on the age distribution, on the proper distribution of sources, 
on the convenient availability of neutron instruments and methods, on the expansion into new areas 
of science, on applications to industry and on the probable impact of synchretron sources. It is hoped 
that these comments will lead to an outward looking discussion on the future. 

I. INTRODUCTION 
Modern radiation scattering methods began in 1912 when von Laue’ suggested that crystals would 

serve as natural diffraction gratings for X-raysand interpreted experimental results in this way. Subsequently 
the Braggs2 improved the techniques and showed how powerful the ideas of von Laue were. From 1912 to 
1942 only photons were available with sufficient intensity for good experimental work, but after Fermis’ group 
developed the nuclear reactor a second technique became available. The first crystal spectrometer for 
neutrons was built by Zinn3 in 1944 for the CP-3 reactor at kN.L Due to the background available-from 
30 years of X-ray diffraction, the development of this new technique was fairly rapid. 

Enrico Fermi may be called the .‘father of neutron scattering’ because he (a) discovered thermal 
neutrons (b) built the first nuclear reactors which provided an.adequate source (c) performed many of the 
underlying experiments upon which neutron diffraction and inelastic scattering are founded. Unlike neutron 
diffraction, the new subject of neutron inelastic scattering required a developmental period, but by 1957 when 
the first international conference took place in Stockholm it had become an established technique also. The 
age of the personnel then engaged in this work may be judged from the ages of the attendees at the neutron 
scattering conferences of this period (e.g. the I.A.E.A. meeting on inelastic scattering in 1960). A comparison 
with conferences held recently (e.g. the Cold Neutron Source meeting at Los Alamos 1990) shows that the 
average age of scientists engaged in neutron scattering has increased during the past 30 years. In fact many 
of those attending the ICANS-XI meeting are older than Fermi was when he made the basic experiments 
listed above. 

It is useful to consider the trends in steady state neutron sources since the time of CP3. A plot of 
maximum thermal flux against year of completion is shown as figure 1. It can be seen that fluxes grew rapidly 
by three orders of magnitude, and that after this growth a longer time scale was required for further 
advances. At first the nuclear centres controlled the sources and users were centre employees. In later years 
the users came from many organizations (e.g. nuclear centres, Universities, Government and Industrial 
Laboratories, etc.), and for a number of sources the users assumed control (e.g. the I.L.L.). This trend in 
wider usage and user control was both natural and healthy, and is likely to be continued. However we see 
that in parallel with the aging of the personnel, there is an aging (and perhaps a flux limit) for the steady 
state sources. Pulsed neutron sources have been used since the beginning of this subject, but were not fully 
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competitive with the steady state sources until recently. They have shown a rapid period of development in 
the 80’s, but may also reach a plateau during the 90’s. Neutron scattering communities (e.g. Europe, U.S.A., 
Japan, etc.) are now considering plans for future steady state and pulsed sources at the highest levels, but 
the time scales and costs are both quite large. 

Against this background of trends in personnel. and sources it may be useEu1 to consider the future 
prospects for neutron scattering. Some of the topics which our- field, should discuss include, the proper 
distribution of neutron sources, access and availability to all scientists, the introduction of new areas of 
science, the expansion of industrial .uses, and the impact of the new synchrotron sources. An initial attempt 
to discuss these matters follows. 

. 

II. NEUTRON SOURCES 
The high flux’reactor-at theInstitut Laue Langevin4 (ILL.) was operated from-the outset as a source 

which was easily accessible to a wide spectrum of users. It was also one where the scientists at.the many 
smaller sources spread throughout Europe could interact with the LLL. scientists and’contribute to. the 
neutron scattering facilities. -In these two respects the I.L.L. differed from the major facilities in N. America, 
and at the latter there was some discussion on whether the new system could operate successfully?. In the 
U.S.A. local sourceswere being dosed in favour of ‘strengthening’ central sources; However experience soon 
showed that the I.L.L. interactive’approach led to the introduction of new ideas and methods, and to the 
expansion of neutron scattering both in numbers of participants and in its impact on new areas of science. 
It is likely that the interactions between the I.L.L. and:the,many local sourcesin Europe (shown schematically 
in figure 2). were an important contribution to its success. The interaction.worked in both directions, the 
local scientists developed their ideas with their own resources and with help and encouragement from the 
I.L.L., and then many ofthese ideas became part of the landscape at the 1.L.L. to the benefit of the whole 
of Europe. The leadership of the neutron scattering field. left N. America for .Europe probably as a 
consequence of the support of and interactions with local sources in Europe -compared to the run-down of 
local sources in N. America. ‘The recipe for success in the 7Q’s.and 80’s was probably the combination of 
centralization with diversity practised at the 1.L.L (figure 2). 

The author believes that super-sources discussed at ICANS and elsewhere- are not sufficient by 
themselves for the success of neutron scattering: In addition two other .aspects must -be emphasized- 

the interactions with local sources . . 1 : 

the type and.quality .of access and the.infrastructure at the source. ., 

We may ask the questions: will a large central source fail if there are no local sources interacting with it?, 
and will a large central source fail if. it fails to interact with a sufficiently broad spectrums of scientists and 

to attract new areas of science? For the general health and development .of neutron scattering three.levels 
of neutron source are needed:- . e _. 

_ ” ,‘: the teaching-laboratory source .: ,i. ., i i 
the &al~urc;ei _, 2.. : : : 

the high flux central source. 
In the past ICANS has concentrated on the latter category, butthe author believes that, ICANS should widen 
its scope ,and dhcttss advances in the other two categories.: Of great importance today is the development 
of-ideas for local SOUFUX which will lead, to cheap, safe, easily operated sources which. have sufficient flux for 
this purpose; s _. . , ‘. - ‘. r 

By combining the,views expressed in this section with those given in the Introduction,.it is possible 
to present three observations to ,the :neutron community:- ; : * 

a) -the neutron community is aging while it is still-increasing.in number; ‘,I .I 
b) neutron sources are aging and are decreasing in number;- : 

i c) local neutron sources are few tind are decreasing, but they.are-essential for thektccess of the 
super-sources and of this field generally. 
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The neutron scattering community should discuss these observations and consider strategies to offset 
their adverse aspects. 

in. INDUSTRIAL AND LOCAL SOURCES 
New areas of science to which neutron scattering techniques may be applied successfully are difficult 

to predict far in advance of their appearance. However they may be encouraged to appear if, at the neutron 
source laboratory, there is:- 

an interaction with a broad spectrum of scientists and a ‘flow-through’ system for some 
personnel; 
a-belief that neutron scattering is applicable to all areas of science and that some neutron 
experiments can be done by novices; 
a good level of access for all scientists (including novices) in the broadest sense. 

The implementation of these points will encourage both basic and applied science: in this regard some 
observations on the industrial application of neutron scattering may be worthwhile. Even with the above 
favourable environment, each industrial use of neutron scattering is likely to require an initiation period. But 
once that period is over it should be possible to borrow money (from the usual lending institutions) for 
construction of specialized industrial application instruments, and repay the loan through industrial user 
charges. Such industrial programs would be evidence that neutron scattering is a growing and maturing 
technology. Probably neutron radiography, and strain and texture work using neutron diffraction are 
examples where this market oriented strategy could be applied. 

It is possible that neutron scattering techniques could be included in mass production processes in 
appropriate cases: for example where preset orientational limits or preset strains are required.. Production 
line samples might be sent to a central source or a portable neutron source might be used on site. In 
addition there are various “in the field” neutron scattering measurements for which portable sources are 
necessary. Many people are familiar with the bore-hole survey, airport luggage scanner, activation analysis 
or radiography applications. However if cheaper, simpler and more powerful portable sources were available 
the range of applications would increase. In this event the distinction between an ‘industrial source’ and a 
‘local source’ might disappear. 

In the context of this paper, a ‘local source’ is one large enough to do useful experiments and to serve 
a geographical region. They could be cheap, small accelerator based sources which can be operated with no 
more difficulty (or danger) than a motor-car. To achieve this target requires more inventive designs made 
with these requirements in mind. 

The author believes that accelerator designers should work on this problem as much as they have 
worked on the design of super-sources, and that the discussion of local sources are properly a part of ICANS 
and should be included in these meetings. To keep the cost of such sources down to an acceptable level will 
require the production and sale of many units. Consequently if similar designs can be used for local sources, 
industrial sources and teaching sources that would be an advantage to both user and manufacturer. 

IV. TEACHING LABORATORY SOURCES 
During the whole period that X-rays have been used to study the structure of materials, there have 

been X-ray sources available for teaching purposes in University laboratories. As a result these techniques 
are taught well and widely and several generations of scientists have used them in many applications. The 
same is not true of neutron sources, and as a result neutron techniques do not appear in most laboratory 
courses. In turn this means that these techniques are neither used widely, nor properly understood by many 
scientists. The availability of X-ray sources compared to the lack of neutron sources is related to the energy 
required to produce one particle, which is very much greater for a neutron than for an X-ray photon. It is 
therefore unlikely that copious neutron sources can be produced sufficiently cheaply to be purchased for 
teaching laboratories. 
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At the present time radioactive sources are the most suitable for teaching laboratories, since they are 
inexpensive, require negligible maintenance and have a relatively constant output. The greatest flux is. 
obtained for the spontaneous fission source (=*Cf), with a heavy water moderator. However it has the 
disadvantage that the source needs renewal in about 5 years (due to the half-life) and the heavy water 
container may need maintenance. The Am/Be source using a paraffin wax moderator will give about an order 
of magnitude fewer thermal neutrons, but has a half-life of several hundred years and requires negligible 
maintenance. The reaction is:- 

a + 9Be - 1% + n(-5MeV) 

The neutron energy is’greater than for fission, and hence extra fast neutron shielding is required. A 2-Curie 
source (4 x lo6 fast neutron&c) is used in the laboratory neutron diffractometer (figure 3) employed for 
teaching purposes at the University of Guelph. Bragg reflection intensities from a.graphite crystal (5 cm high 
and 8 cm long) are about lOO/min. Table 1 shows some of the matters which may be included in a normal 
laboratory course using this arrangement. 

Table 1 

Some tonics which mav be studied with the laboratorv snectrometer of figure 3 

Basic Properties of Neutrons 
Neutron Detection 
Design of a neutron diffractometer 
Transmission in (CH&, and Pb compared to X-rays 
Bragg reflections from single crystals 
The Spectrum of thermal neutrons .’ . 
The measurement of Plan&s constant 
etc. 

In order to improve the presentation of such topics and to include further to its, some improvement in the 
source is require* Possibly a cheap commercially available packaged P (25 Cf in D,O) source would be 
acceptable. Beyond this; if the local source development program (see section ,III) takes place, new sources 
at the lower end of that program may be suitable. In any event it is important for the future-of neutron 
scattering, that the neutron community encourage the expansion of teaching laboratory work 

V. THE IMPACT OF PHOTON SOURCES 
High flux photon sources are coming into general use for condensed-matter science. Shirane’ has 

given a good account of the properties of these sources and their use in solid state physics. It is worth listing 
some of the properties of these sources; in a way which compares them to neutron sources:- 

the flux is much higher than for neutron sources 
narrow, highly collimated beams are available (and may be polarized) 
electron distributions (rather than nuclear distributions) are observed 
some isotopic effects occur and are interesting (e.g. there is a quantum,effect in the structure 
of disordered systems which can be observed by the H/D substitution method) 
some inelastic scattering effects can be seen 
some magnetic scattering effects can be seen. 

When users of synchrotron radiation sources look at neutron scattering one may expect them to say that 
neutron scattering has, a very few expensive sources, very weak neutron beams, very large samples (beam 
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areas), poor statistics, poor collimation, long counting times, etc. Neutron scattering has many unique 
features (familiar to all neutron scattering professionals) which make experiments with all these disadvantages 
worthwhile, and in many ways the complimentary character of neutron and photon experiments may be 
exploited by able experimental&s’. These and similar points need to be included and explored in many 
teaching environments. 

The growing use of synchrotron sources is likely to cause many condensed matter scientists to become 
familiar with radiation scattering methods and their advantages. This could offer the neutron community a 
fertile source of new neutron users. The scientist who shops around for the best radiation source and 
spectrometers for his/her scientific program, and who may use several different sources, could become the 
norm. The proper and advantageous ways to use all sources need to be widely disseminated in this 
environment. Then all kinds of users need reasonable access and convenient availability to neutron sources 
and spectrometers which exploit the intrinsic advantages of neutrons. In other words the neutron community 
needs to react in appropriate ways to a new and competitive environment. 

VI. CONCLUSIONS 
The object of this paper is to initiate a discussion on future directions in neutron scattering. Some 

of the points covered above may be regarded as ‘obvious’ or ‘over-simplified’ etc., but nevertheless need to 
be included in a paper of this kind. While there are many items which may be selected for further discussion 
from those touched on in this paper (and in other similar papers), it is important to select a few items as the 
most important in todays environment. In the authors view the top items are:- 

(A) Local sources are in urgent need of study - while super-sources are important and worth 
support it may be more important to the field to study local sources 

(B) Interactions with a progressively wider user base need study: new methods of developing these 
interactions are needed, 

with synchrotron users 
with general scientists (mainly non-experts) 
with industrial people (mainly non-experts). 

These topics are not new and have been studied before - the question for today is “Can the ICANS 
conference do better?” 
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Figure Legends 
1. A plot of maximum thermal flux against year of completion for steady state sources from CP3 to the 

present. 
2. A schematic diagram showing the two-way interaction between pre-existing local sources throughout 

Europe and the new high flux source at the I.L.L. 
3. Cross-section of the teaching laboratory neutron diffractometer at the University of Guelph. 
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C(J.L.Finney): One other positive effect of increased use of synchrotron photon sources is that it gets scientists 
used to working in centraI facility made. This in itself is encouraging wider use of the UK neutron community 
at least, which is growing at the rate of 10% a year. 

Q(I.M.l’horson): For condensed matter science one should include muon facilities which can be associated with 
most pulsed-neutron facilities at modest incremental cost. 

A(P.A.Egelstaff): Yes. 
Q(J.B.Hayter): The average student today has more computer power at home than was available to the designers of 

the last U.S. reactor. Can we not exploit this as a teaching tool, e.g. by distributing programs to teachers? 
A(P.A.EgelstafI): Yes, I think this is a good idea only waiting to be executed. Some people have told me that the 

best way to do it is to get senior high school students to do it. In this case ORNL would hire local high 
school students in the summer, train them in the elements of radiation scattering and let them write software 
for the local high schools computers. 
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y. 1 ._ 
Generally the summaryi speaker of a conference is expected ‘to report on the highlights mat _ 
came up, on, interesting cont%+ttions. to discussions, and perhaps, add some of’lus own thoughts 
to this. Given the series of session Summaries that were .produced. in this meeting, repeating 
the highlights over again didn’t seem very appeal‘ing to. me. Actually, everything I feel should 
be said has already been said, and so I am left with the situation, where I can scatter all mat 
information from my own views. I want to, apologize, if some of this scattering is highly. 
inelastic. I am going to--restrict any reflections to the more general questions of the meeting and 
totheideabehindourcollaboration. . . , -_ /. _. j 

: 
e ICANS-~I T 

_ 

Conference S&nary .’ 
’ 

,_ 
As far as the operational part .of the meeting,& concerned, my task is relatively simple. As it, 
often happens on such occasions,~ one term starts to become dominating as the meeting goes 
on. On this one, this term is “total performance” and I feel that it.is appropriate to m.ake.this 
complement to the organisers and their staff: 

- ,I -. 

_. ICANS XI 7 Total Performance., j ,,_ , ( _,.. 

_. -:’ .:: -. i ., .r .I 

The dedication of Noburo Watanabe and. his collaboratoti went. far beyond what one’ could ” 
normally expect and I want to extend our sincere gratitude to them for making this such a 
meniorable event for all of us! : ’ : ’ 

.‘, .’ 

. . I’ ’ ‘,’ : -:; -;. . . ,. ‘. . __ : -. 

Let me remind. you. of done event, which was not-included.in the: summaries and ,whichz to some’ 
extent, gave me the clue for this summary. I aintalking about’.Monday night’s reception. Our. 
hosts managed to get a few of the more prominent attendees of this meeting to give short ad. 
hoc speeches, which I found very enlightening.- In the course’ of his. speech, Jack Carpenter 
noted that when the collaboration was founded and a name had to be .found it was clear, that i 

the acronym could be read 
.,j. ‘/ ._ . . -.. 

.; ’ , ; :t > -- 1 : (-#N(S). :_ L i-. 

: :, _.; ..- .*,, ‘,.. _,, . :. 
,, --: .__ 

? 

So, Iet.me ask the quespon: : 
: . . ., ; i,, _:. : -. ,.. 

.~, ‘. :. .- ,,,, 

What can we - look upon today? 
- be proud of? 
- hope to achieve? 



and, referring to the general motto of total performance: 

How well did we perform in total? 

It is of course not easy to answer these questions. That is, why I thought I would resort to 
something I learned during my travel coming here: I was waiting for the departure call for my 
plane at Khabarowsk in Eastern Sibiria and there was a young lady sitting next to me who did 
not look very happy. Having seen the trouble she had had going through customs, I thought, I 
knew why. But I was wrong. All of a sudden she pulled a deck of cards out of her luggage, 
shuffeld them thoroughly and picked three at random. Looking at them, she cheered up visibly. 
This aroused my curiosity and I asked her what it was all about. It turned out she was using 
telling cards to answer questions in her mind which there was no other way to answer. She 
deduced the answers from the pictures on the cards she had picked - in that case good ones -, 
which gave her confidence that the flight would go well (she was afraid of flying). Of course 
she admitted that the general moods you are in when interpreting your cards plays an important 
role, but she felt this was all right, actually it was what it was all about. 

Now, what does this have to do with preparing a conference summary? Well, I don’t have a 
deck of telling cards and so I had to improvise to get help in answering my questions about 
ICANS. I decided to collect key words starting with one of the five letters throughout the week 
and, at the end of each day toss them around and pick a selection. I am not going to include 
the full list of about twenty words for each letter here or repeat on what occasions they were 
used, but I would like to share with you the results of my exercise. 

On Monday night my combination read: 

International Competition on Advertising New Status Symbols 

Seeing this, my scepticism about the telling card game suffered a serious blow! Had it only 
been the question of finding the winner of this competition, Rodger Pynn’s evening speech beat 
them all! (By the way, fax-machines for cars are available). 

But - should this really be the way, our group was drifting? Do we really want this? Is it the 
purpose of our meeting to tell each other, how good we are and how many microampere-hours 
we have achieved? This could not possibly be true! The result left me with an almost sleepless 
night, eager to repeat the exercise the following day. 

On ‘lhsday, with more words in the box, the outcome was: 

Instant Conversion to Adopt New Specifications 

Remember, this was the “total performance” day. After some pondering over this result it 
dawned to me that it might have something to do with reality. It sheds some light on how 
idle all attempts might be to optimize a system today for tomorrow’s science. Frankly, I don’t 
believe that, for example, the success of the ILL is baaed on the total performance of any one 
of its instruments. I feel that the ILL combines several favourable factors, all of which have 
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their share in the overall success. In my view, the most important ones of them are: 

- a large number of versatile as well as highly specialised instruments 

- the highest available number of useful neutrons per year anywhere in the world 

- an attractive user policy with excellent support and easy access 

- a competent inhouse scientific staff as partners for frequent as well as occasional visitors 

- an attractive location to spend some time at 

- etc. 

It is my conviction that, with such overall conditions the question becomes secondary, whether or 
not you have to measure 10 or 15% longer to get your desired information. The real measuring 
time is only a small fraction of the overall effort anyway. Now, of course, apart from “some 
other unnamed European neutron sources”, not everyone tries to compete with ILL and, as Peter 
Egelstaff never fails to stress, a solid home base is necessary to be able to do the opportunities 
justice, ‘that exist at large international facilities. For these sources, total performance is mainly 
a vehicle. and a valuable one, to stimulate extra efforts for new developments as we have seen 
on many national facilities such as Munich, Vienna, Tohoku and Hokkaido and, in particular, 
here at KENS. 

So, Tuesday’s result left me a little more hopeful when I repeated the game on Wednesday 
night: 

Incentive Club for Announcement of New Strategies 

How about that? Could Jack Carpenter’s excellent iterations on the booster problem, Ian Gar- 
dener’s calm and serene presentation about the new plans at ISIS and th,e fascinating success at 
KEK in new accelerator development for the Hadron factory produce such a result? Of course, 
there was also Gen Shirane,. who made it plain to us that the times were over, when the pulsed 
source lobby hadto prove to the world that in certain cases it could outdo a steady state reactor 
and when the synchrotron freaks had to demonstrate that in some cases they are able-to- do 
now what neutrons had achieved long ago. I fully agree with Gen that the best strategy ,for the 
future is to accept the virtues of the other methods and to concentrate on what one is best in 
oneself. The scientificquestions to be answered may be limited on the long run, but at present 
their number and complexity are increasing rather than decreasing. This leaves enough to do 
for everyone without jumping on the other% domain. What we really need, as Peter Egelstaff 
put it, is well trained and motivated young people who know their job and who are willing to 
use whatever tool is best suited to solve their problems. Therefore, a strategy must be worked 
out to improve students’ training and their knowIedge about what neutrons can do and how they 
can be used. 

‘. .- 

On Thursday we were split in three groups so my success in adding new words to my list and 
do everyone justice was limited.‘ But, remember, the girl at the airport also didn’t have a chance 
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to add new cards to her deck. According to her conviction, what counts is the mood you are ,in, 
when picking your choice, 

So, let us look at Thursday’s results: 

International Complementarity of Accessible Neutron Sources .. 

Finally, the oracle really seemed to work my way! This is probably the point to express my 
satisfaction over the fact that, for the first time, we were able to welcome a number of Soviet 
colleagues at an ICANS meeting. Although they are not formally part of the Collaboration, their 
participation added significantly to the international character of the meeting. For the first time 
we had the opportunity to learn in considerable detail about their work and their problems. 

With the pulsed reactor IBR-2 operational and with the neutron target station of the Moscow 
,Meson Factory making good progress, the complementarity of the various sources becomes 
almost complete on the international scale. Although Dr. Shabalin deplored the length -of 
IBR-2’s pulses with 200 ps as being too long, I am firmly convinced that this machine, if at 
some day it becomes more easily accessible to a wider community, would be an ideal test bed 
to demonstrate concepts of instruments which, I am sure, one would have to pet-sue if heading 
for a super source as it has occasionally been referred to in this meeting. Such a source would 
most. certainly be of me SNQ-type and have pulse lengths of that order of magnitude. 

Easy access to the tools we want to use is important, but it is equally important to be able 
to select the right tool for a given task. There is probably no such thing as an universally 
optimum neutron .source which could be afforded by any one research centre or university. 
So, let us accept that some things can be done better in one place and others in others. The 
complementarity between pulsed and steady state high flux sources is a fact and we would 
be poorly advised if we tried to deny this. For this reason I am sorry we did not succeed in 
incorporating new reactor projects in our collaboration. At least we had John Hayter here as 
a guest representative from the IGORR (International Group on Research Reactors) to tell us 
about their exciting progress on the “Advanced Neutron Source” (ANS)-project. 

Going a little beyond Thursday’s result of my game, I would like to come back to Gen Shirane’s 
talk on Wednesday and remind you that this complementarity is not restricted to neutron sources 
among themselves but extends to synchrotron radiation as well. From another conference I 
attended in Alushta in the Soviet Union two weeks ago, I would like to report to you the 
message given there by Gen Shiranes colleague, John Axe, that the situation is now such that 
X-ray and neutron scattering experiments have not only become comparable in. quality, but also 
in cost. Synchrotron light sources and spallation neutron sources are both accelerator based 
machines. .Almost all. of the proton accelerators used for neutron sources also produce muons 
which, as was correctly stated during one discussion, are another tool of growing importance in 
condensed matter research. The same may become true for positrons. 

This is, what I might have had in mind when, somewhat prematurely, I picked the last combi- 
nation of words this morning for Friday’s result: 

International Commitment to Advance Nuclear Methods in Science 
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This, I think could be the long term perspective of a collaboration which started out as a forum for 
the exchange of information between laboratories of common interest in a new type of neutron 
source. These early projects am all operational facilities now, they make their contributions to 
science and the focus of the meetings has shifted towards instruments. Thoughts are being given 
to extensions and improvements of the sources and their uses. In that sense, let us all hope 
that KENS-II for which Nobuto Watanabe and his collaborators have worked out such exciting 
schemes, will become a funded project soon! 

Anyway, the scope of our interest has widened considerably and the promotion of new neutron 
sources can hardly remain the only long term basis of our collaboration. Yet, if we manage to 
direct our spirits towards this broader view, I can foresee a long and fruitful collaboration and 
it is my sincere wish, that this shall be the case! 

I would like to end this summary by thanking the organizers of this meeting for this opportunity 
to express my personal views on some of the problems and prospects of ICANS. 
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ABSTRACT . 1; 

A possibility of_adopting a racetrack-type desi@-for the compressor/stretcher 
ring of the Japa$$e$Iadron Project is described. This design has two long straight 
sections to enable to*inject the H- beam and to produce a high /3 point for the 
slow extraction. ‘-“; ,’ -- / : L. .‘, : 

; .- ,, 3 .’ ‘. ;~,; ,.. : 
.: : ; j’ 

.y 

‘. 
a 

The proposed JapaneseHadron Project consists of the 1GeV linac, the compressor/ 
stretcher ring(CSR) and three-experimental facilities. These facilities are E, M and N arenas 
for experiments using. exotic nuclei, mesons and neutrons, respectively., The functions of the 
CSR are to accumulate’the 1GeV proton~beam with:an.ave~a~e“cG~e~t of 200pA and to 
supply the beams to the M and N arenas with a repetition rate of 5OHz. Two bunches of the 
,proton. beam,, the time duration~of-which is normally 200ns,b are accumulated in the CSR. 
‘The N arena uses the beam :of thistime, duration.swithout ‘any- change -in time structure. 
For the,M; arena; ‘however, in’addition to,the normal;operation mode just described above, 
.two’additional operation modes of different..timestructures_are ,required. :One mode is the 
ultra-short pulse mode for muon experiments, in -which’ a bunch will be compressed to- an 
ultra-short bunch of 20-&s in, length. In this .mode, ,the sequence of operation is: I 

1. Accumulation of the beam in two RF buckets (the harmonic number rh=2), 
2; Fast. extraction of one of the ,bunches to the N arena; I : 

3: Compression oftheremaining bunch by- an RF system of.h=l and 
4. Fast extraction of the bunch to the M arena. :,._ i :, 

Another mode is .the-&etcher.mede for pion exp&ix&nts. ‘The beam id sIuw-extmcted in a 
duration of 20ms before the .next beam p&e f&n the Linac arrives. In this second. mode, 
the sequence of operation is:.:. :. <. I_ ‘1. . -. 

1. Accu-mulation.ofthe-beam in.two RF buckets, ‘. * ..‘.,,.. 
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2. Fast extraction of one bunch to the N arena and 
3. Slow extraction by a third-order resonance. 

The conceptual design work on the CSR began in 1988. The design work has been 

almost finished and its results have been reported elsewhere[l,2]. The fundamental lattice 
of the CSR which was designed in this work is a FODB cell, and the whole ring consists 
of 16 superperiods, as shown in Fig. 1. Each cell is composed of a 2.8m bending magnet 
with a bending angle of 22.5 degrees, two quadrupole magnets and a 5.7m long drift space. 
The drift spaces are used to install the equipments for injection, fast and slow extractions, 

acceleration and beam collimation. 

FIGURE 1. Layout of the CSR of 16 super-period lattice. 

One drift space is used to implement the Ho injection system which is similar to that of 

the PSR at LANL. The H- beam is neutralized to the Ho beam in a stripping magnet with 

a magnetic field of 1.82’. The beam is accumulated in the CSR after ionized to protons with 
a thin carbon foil. The Ho injection method is simple and has a merit that it is possible to 
inject the beam even in a short drift space between the bending and quadrupole magnets. 

Three drift spaces downstream of the injection point are used to set kickers and septums 
for the fast extraction. One of characteristics of this fast extraction system is to extract the 
beam in the vertical direction. The reason of the vertical extraction is that the horizontal 
beam size becomes too big to extract horizontally in the case of the ultra-short pulse, which 
has a large momentum spread. 

Next two drift spaces include electric and magnetic septums for the slow extraction. 

Since the repetition rate is as high as 50H2, the ordinary extraction method of changing 
the betatron tune with quadrupole magnets is not applicable to the present case. Instead, 
we have proposed a method to shift the horizontal tune by varying the beam energy with 

180 



RF[3]. As the CSR has a natural chromaticity of -4, it is possible to shift the horizontal 
tune with a momentum variation of 0.8% from 4.30 of injection tune to 45 of the nearest 
third-order resonance. The effective thickness of the electric septum seen by the extracted 
beam mainly determines the beam loss at the extraction point. The beam loss determined 
by the angular spread of the beam can be minimized by keeping the,overlapping condition 
of outgoing separatricies of different emittances during extraction[4]. 

There are 17 RF cavities in eight drift spaces. One cavity -operated with the frequency 
of 3.0MHz (h=2) is used to store two beam bunches during accumulation. Other 16 RF 
cavities are operated with the frequency of 1.5MHz (h=l), since it is suitable to minimize 
the tail of the bunch caused by non-linear RF wave form[l]. These cavities are designed 
to generate a voltage of 15kV per cavity. With these cavities, the high voltage of 240kV 
required to obtain the ultra-short pulse can be generated. 

Recently, racetrack lattices which include long straight sections are proposed for special 
purposes in many accelerators. In the KAON factory at TRIUMF, a racetrack lattice has 
been proposed for reducing beam loss at the extraction septum. ‘At the septum of the ring 
named Extender, the beta function is chosen to be 100m. The beam loss ratio-is estimated to 
be about 0.2%. For a second-generation proton storage ring at LAMBF, a racetrack lattice 
has been also proposed for the direct H- injection[li]. Also, Rees has pointed out merits 
of the lattice with long straight sections in his conceptual design of the CSR[G]. Generally 
speaking, however, there are some demerits when the number of superperiods decreases. For 
instance, the betatron resonances would be strong and may cause beam loss. Therefore, we 
have begun the design of a racetrack-type machine and compared it with the high-periodicity 
machine. 

II. DESIGN CONCEPT 

The general requirements imposed on the design of the racetrack-type machine are as 
follows. 

1. Both H- and Ho injections are possible. 
2. Two operation modes of the different time structures mentioned above are pos- 
sible. 
3. Both high p optics for the stretcher mode and normal p optics for the ultra-short 
pulse mode are possible. 
4. The transition energy should not be so high compared with .that of the high- 
periodicity lattice, since higher transition energy requires higher FU? voltage for 
the bunch compression. 
5. The fast-extraction in the horizontal direction is‘possible. 

The design layout of the machine is shown in Fig. 2. Main parameters are listed in 
Table 1. The ring has a racetrack shape. The length of the long straight section is 45m. The 
numbers of the bending and quadrupole magnets are 24 and 54, respectively. The dispersion 
in the straight sections is reduced to zero by using the missing bend method. The beta and 
dispersion functions for the normal @’ and high /3 optics are shown in Fig. 3-a and 3-b, 
respectively. The beam optics near a pre-septum installed for the slow extraction are much 
different between two operation modes. The horizontal beta functions at the pre-septum 
are 25m for normal-p optics and 200m for the high p optics. The value of 200m for the 
high p optics was chosen from a compromise between. the turn separation(5cm) of the slow- 
extracted beam and the horizontal acceptance(f20cm) required for the quadrupole magnets 
nearest to the pre-septum. 
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FIGURE 2. The CSR of the racetrack shape 

Table 1. Parameters of the C$R of racetrack-type 

Energy 1GeV 

7 
Particles per pulse 

Circulation current 

Revolution frequency 
Harmonic number (h) 
Circumference 

RF frequency 
Repetition rate 
Average current 

2.066 
1.25x 1013 

5.5A 
1.4MBz 

2 
190.4m 
2.8MHz 

5082 
200~ A 

Horizontal beam emittance(c,) 30?rmm . mrad 
Vertical beam emittance(e,) 30?rmm - mrad 
Horizontal accept ance( A,) 120xmm. mrad 
Vertical acceptaxe 12Olrmm - mrad 
Energy spread f0.2% 
Max. momentum spread &l.O% 
Momentum accept ante ztl.5% 

Beam optics parameters 

Horizontal tune( vz) 
Vertical tune(v,) 
Transition gamma (7~) 

‘I = (V7Tz - l/7*) 
Horizontal chromaticity(&) 
Vertical chromaticity(&) 

High p 

6.30(typ.) 
6.21(typ.) 

4.595 
-0.187 
-13.1 
-9.3 

Low p 

6.28(typ.) 
6.23(typ.) 

4.595 
-0.187. 

-9.2 
-9.5 
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a) Nornial beta optics 
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b) High beta optics 

?IGURE 3. The ,beta and dispersion functions in .the cases of normal P(a) and 
ligh P(b) optics. 



When a high intensity beam is stored in a ring, the tune shift arises due to the space 
charge effect, and it may cause the the beam loss. The horizontal and vertical beam emit- 
tances are, therefore, chosen to be 307rmm - mrad(lOO%), in order to keep the tune shift 
below an acceptable level of 0.075. The method of phase space painting by means of bump 
magnets is planned in order to fill the phase space uniformly. The painting method is also 
useful to reduce the number of foil-hits during injection. Since it is important to decrease the 
beam loss from the halo of the circulating beam, both horizontal and vertical acceptances 
are chosen to be 120xmm - mrad, i.e., four times larger than the beam emittance. 

One of the two long straight sections is used for injection and RF cavities. A feature of 
this straight section is that it has a 12m drift space to implement the H- injection system 
(an injection septum, a carbon foil, bump magnets etc.). The foil is placed at the center of 
this drift space. The Twiss parameters, (Y,,~, are chosen to be zero at the foil, because it 
becomes easy to match the beam optics of the injected beam to that of the ring. With these 
parameters, the beam is injected parallel with the central orbit of the ring. 

If the Ho injection is adopted, the injection septum is not needed, since the magnetically 
pre-stripped Ho beam goes straight in the magnetic field of the bending magnet. Hence, the 
Ho injection can be done in a short drift space of the bending section as shown in Fig. 2. 
In this case, the long drift space can be used to install more RF cavities and some other 
instruments. 

The bending magnet with the bending angle of 22.5 degrees which is designed for the 
high-periodicity machine is not suitable to use in this racetrack-type machine, since the phase 
advance per normal cell becomes much larger than 90 degrees if the dispersion is suppressed 
less than 2.5m. The value of 2.5m is an allowable dispersion in this lattice, as the horizontal 
beam size increases by 5cm when the momentum spread of the ultra-short pulse becomes 
&l% by the compression of the bunch. Therefore, we have adopted the bending angle of 15 
degrees. In this case, the phase advance per normal cell and dispersion function become 90 
degrees and 2.4m, respectively. Moreover, the horizontal and vertical beta functions in the 
bend sections become smaller than those of high-periodicity since the distance between two 
neighboring quadrupole magnets becomes shorter. Therefore, the required magnet apertures 
also become smaller. 

Another long straight section is used for both fast and slow extractions. Kicker and 
septum magnets for the fast-extraction are located in the drift spaces upstream of the long 
straight section, as shown in Fig. 2. Since this section is dispersionless, it is possible to 
extract the beam in the horizontal direction, even for the ultra-short pulse with the large 
momentum spread. The pre-electric septum for the slow extraction(see Fig. 2) is located at 
the center of the long straight section where the horizontal beta-function takes the maximum 
value. The second electric septum and two magnetic septums are located in two free spaces 
downstream of the pre-septum. Beam collectors in the horizontal and vertical planes would 
be placed in the remaining two free spaces of the long straight section. 

The typical tune values are listed in table 1. The horizontal and vertical tune values of 
the normal p optics for the ultra-short pulse mode are 6.28 and 6.23, respectively. Since q(= 
l/7+-1/7’) is smaller by 7% than that of the high-periodicity lattice, seventeen RF cavities 
are required for bunch rotation. As stated before, the momentum spread is enlarged when 
the beam is compressed to the ultra-short pulse. Hence, almost zero chromaticity is necessary 
in order to avoid a large tune spread. However, the dynamic aperture generally becomes 
narrow, when the chromaticities are corrected with strong sextupole magnets. Therefore, 
we have checked the effect of the chromaticity correction on the dynamic aperture by using 
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a computer simulation. The result shows that a dynamic aperture is wide enough to store 
the beam with the emittance of 1207rmm l mrad(see Fig. 4-a). 

In the high ,B optics for the slow extraction, the typical horizontal tune value is chosen 
to 6.30, since it should be near the point of the third-order resonance. The natural horizontal 
chromaticity of -13.1 is corrected to -8. The value of -8 is taken so as to change the working 
point easily to the third-order resonance of 63 with a small energy variation of 0.4%. This 
energy variation is well inside the momentum aperture of the ring. The dynamic aperture 
is also larger than the physical aperture as shown in Fig. 4-b. 

Normal beta optics 
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FIGURE 4. The dynamic apertures in normal @(a) and high /3(b) optics. The 
solid line means the acceptance of 120rmm l mrad. 
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III.-INJECTION : -, :-- 
.: ). . 

Figure-5 shows a scheme ofthe,direct B- injection[7]. Four bump magnets(Bl-B4) are 

used to produce the bump- orbit for phase space painting. The magnetic field of the septum 

magnet is chosen to’be the small value of0.4T’in order to prevent H- from losing an electron 

with Lorentz stripping during p’assage through the septum.- This weak .field requires a drift 

space as long aS,lO to 12m. : .’ 
. __ 
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FIGURE 5. Direct. H_ injection system. 
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The thickness of, thy str~ppi~~.foij.:is-.chosen as thin as 2OO~g/=c_&~. The enlargement 

of the momentum spread caused by multiple scattering is estimated toi be less than +O.l%. 

Since the initial ;moment.um~spread of the injected beam is 0.1 %, the resultant momentum 

spread becomes 0.2%. Because the ionization .efficiency is 98% for this foil, the rest 2% 

which consists of the Ho and H_ beams must be t.reated not to cause the beam loss. The 

Ho and H- beams will be ionized by another foil placed just after the bump magnet B3 and 

then guided to the beam dump;’ 
; .; .. 

Iv.Fk3~ EXTRACTION I .;- 

Figure 6 shows the envelopes of the circulating and extracted beams[8]. As described 

before, a merit of the ring of the racetrack lattice is that it ispossible’to extract the beam 

in the horizontal direction. Five kicker magnets located in the drift space after the bend ) ,. 
section deflect the beam into the aperture of the septum magnets in the next drift space. 

The design value of the totalkickangle is 16.3mrad. The total bending .&gle of the septums 

is designed’to be 15.9 degrees. To decrea& the beam-loss at the extraction septums, the 

acceptances of the septurns are chosen to be. 120 7rmrn - mrad, which is wide enough for the 

extracted beam with an emittance of 30 rmrn - mrad. 

In the present design,. the kickers will generate double-pulsed’ magnetic fields to. fast- 

extract two bunches for both normal operation mode. and ultra-short -pulse mode[9]. The 
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interval of double;pulsed.excitations is chosen. to’be about lO@q and- the rise and fdl times 
‘of the ,kickers are designed to be lOOns in order to ex;tract ..one : bunch” wv&hout-, affecting 
inot her circulating bunchjl). c 1 : 2 ‘.* : : -_ .- -, : 1.. - ., _, . . 

1OC 

-50 
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 6.0 

UN 

FIGURE 6. The; beam envelopes of the kicked(solid lines) and non-kicked circu- 
lating(dashed lines) beams near the kickers for the fast extraction. 

V. SLOW EXTRACTION 

One merit to use high p optics is that it is possible to obtain a large turn separation 
such as 5cm of the present design. Another merit is that the angular spread of the beam at 
the pre-septum becomes small, so-that the effective thickness of the pre-septum decreases, 
i.e., the beam loss can be reduced. Since the angular spread of the beam is small for the high 
p optics, the overlapping condition mentioned above is no longer necessary for the present 
design. 

In the present design, the particles that enter the pre-septum with an electric field of 
24kV/cm and go through its full distance are kicked by 0.7mrad. The envelopes of the kicked 
and circulating beams just before the extraction are shown in Fig.7. The second electric 
septum and the first magnetic septum are set at the position about 7m downstream of the 
pre-septum. The separation between kicked and circulating beams becomes about 3mm at 
the second electric septum, by which the kicked beam is further kicked by 8.Omrad and led 
to the magnetic septums. By’the first magnetic septum the beam is kicked by 25mrad, and 
finally by the second septum it is deflected by 2OOmrad and then extracted from the ring. 

By assuming that the pre-septum is 50pm thick and the angular spread of the extracted 
beam is 0.35mrad, the ratio of the beam loss during the extraction process is estimated to be 
0.45%. This ratio is smaller than l%, the expected value for the high-periodicity machine. 
Even with the small ratio of the beam loss, however, for the average current of !OOpA 
the loss current becomes 0.45pA, which is still too much from the point of the accelerator 
operation and maintenance. If the acceptable loss current is to be less than O.lpA, the beam 
current should be less than 22pA. However, the beam loss ratio can be further reduced. For 
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instance, this reduction can be made by decreasing the angular spread of the beam, since 
the loss ratio mainly depends on the angular spread due to the emittance of the circulating 
beam. Since the bean emittance is determined by the allowable amount of the tune shift 
due to the space charge effect, it can be reduced for a low beam current. If the emit tance 
is taken to be lO?rmm - mrud, the loss ratio becomes as small as 0.3% and the maximum 
allowable beam current is increased to 33pA. 

pre-septum 

0.5 

0.4 

0.3 

z 
- 0.2 

x I 
m. 

0.1 

0.0 

-0.1 

. I 

Slow extraction , 

FIGURE 7. The beam envelopes of the kicked (solid lines) and non-kicked circu- 
lating( dashed 1 ines) beams after the pre-septum for the slow extraction. 

CONCLUSIONS 

The design work of the racetrack-type machine has been begun. By changing the 
machine lattice from high-periodicity to the racetrack-type, we can obtain the following 
advantages. It is possible to introduce into the ring a long drift space required to implement 
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the direct H- injection. The beam can be fast-extracted in the horizontal direction, since 
the long straight section is made dispersionless. By adopting a high p optics, the loss rate 
for the slow extraction can be reduced. 

In the calculation of the dynamic aperture, we can find the suitable operation point to 
store the beam for both stretcher mode and ultra-short pulse mode. In order to optimize 
the machine parameters, further studies will be continued. 
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ABSTRACT 
A brief account is given of the future plans to attempt to increase the 
intensity of the ISIS proton beam. 

I. INTRODUCTION 

The accelerator aspects of the upgrade planned for ISIS include raising the 
operating energy of the 50 Hz proton synchrotron from 750 to 800 MeV .and 
increasing the mean output current above the 100 PA level. There will be limits 
set to the current obtained, both by space charge effects and by the 
practicalities of handling the increased beam loss, but the design aim is to 
achieve a current approaching 200 JJA. A time scale for the upgrade of three 
years is envisaged. 

Included in the upgrade plans are a new or improved ion source, a separate power 
amplifier for the injection line debuncher cavity, and, for the synchrotron 
itself: higher power tests of the main magnet power supply, improved 
programming of the trim quadrupole power supplies, additional diagnostics, an 
increased power capability for the acceleration system, two additional steering 
magnets per transverse plane, six sextupole and eight octupole magnets and their 
associated pulsed power supplies, and a number of operational -periods for 
machine studies. These items are to provide, respectively, increased injected 
beams, greater control of the input beam momentum spread, checks for magnet and 
magnet power supply reliability, harmonic correction for gradient errors, 
improved input matching, greater control for rf beam loading, improved closed 
orbits, chromaticity and transverse instability control, and a detailed 
evaluation of machine performance. Features of these plans are discussed in 
relation to the present ISIS synchrotron performance. 

II. PRESENT PERFORMANCE OF THE ISIS SYNCHROTRON 

At present the ISIS synchrotron operates routinely for neutron, neutrino and 
muon production at a proton energy of 750 MeV and a mean current of 100 HA. The 
current corresponds to two 100 ns pulses, each with 6.25 1012 protons, separated 
by a time gap of 230 ns and repeated every 20 ms. At this level, the injection 
efficiency for the 70 MeV beam (H-) is 97 to 98% (with a 2% stripping loss), the 
acceleration efficiency is typically 88 to 92% and the extraction loss is less 
than 0.1%. Almost all of the acceleration loss is at low energy below 85 MeV. 

The machine performance deteriorates if the beam rf feed-forward compensation is 
out of adjustment and also if the closed orbit deviations are not corrected 
adequately. Normally, it is sufficient to tune up the synchrotron at the start 
of a four week running period and to make only minor adjustments subsequently. 
Low and high energy beam losses, and the resulting activations, are localised in 
the long extraction straight section. There is a small high energy loss at the 
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extraction septum and the low energy beam, which is lost .durin.g acceleration, 

spirals radially inwards to the edge of the aperture, where most of it is 
contained in a longitudinal beam loss,coElector, upstream of theseptum. 

: : -. ,, ,’ 

In experimental. periods, accelerated; beams have 'been increased from 1.25.1013 
ppp (particles -per pulse) up tQ 1.7 1013 ppp, ,that,.i.s,. from-the:.equivalent of 
100 to 136,uA. However, It.is difficult ‘to maintain t-he beam.at this level, and 
though the injection efficiency remains in,the 97 to 98X-range, the acceleration 
efficiency falls to 80% or less. Nearly .a.11 the 1oss:is still, at low energy, 
below 85 MeV, but there is. some halo rowth, and ,a -small increase in the 
extraction loss. To achieve. the -1.7 lo!? ppp, the, low energy collectors are 
withdrawn from their normal positions.to allow larger emittance'beams, which 'are 
obtained by ',injection painting' over the ring acceptances.% Most of the-beam 
loss remains concentrated in the collector-extraction straight, though small 
losses do appear at other locations. 

At low intensities, the ,betatron, tunes may be varied over a w-ide region of the 
Q-diagram without affecting the performance, but at increased intensities, the 
operating point is important. The Q-values are ramped, over injection to 
compensate for the combination of the changing guide field and the natural 
values of.the chromaticities. At the field minimum, the tunes are brought to a 
maximum to allow maximum space charge tune depressions. Subsequently, the 
vertical-Q has to -be, lowered ,from 3.87. to 3.72 to limit..the effect of- the 
vertical resistive wall head-tail instability.. This, is a disadvantage for 
handling the space charge, but an advantage, when at the natural ,chromaticities, 
as'it. allows- the ~lost beam of small horizontal betatron ,amplitude to spiral to 
the longitudinal collector without being lost vertically in an unprotected 
location. 

Studies' have indicated that the early longitudinal loss is a sensitive function 
of the inter cavity -phase transients, introduced as the six. rf-.cavities are 
swung: into phase, towards the end of injection. As the longitudinal- space 
charge forces increase, so does the.sensitivity of the..beam loss with. respect to 
these transients. Particles near the boundary may spill out of the .phase stable 
region, so the, aetting of the rf beam feed-forward compensation becomes more 
critical. ‘. . 

During the first millisecond of acceleration , -the beam bunches more tightly and 
two effects ,contribute..to the tune spread. There-is the major effect due.to the 
transverse space charge forces and a secondary effect onthe chromaticities due 
to the enhanced momentum spread. 
the maximum Ap/p of $8 ~10W3 

The latter gives a tune spread, of 20.04 for 
for uncorrected chromaticiti,es, while, t.he former is 

larger by more than a factor of .ten for the design limit of 2.5-10y3 ppp. At 
the maximum of 1.7 1013 ppp achieved to date.W the predominant loss is 
longitudinal, but it is believed that the transverse tune spreads are already 
important. 

III. INJECTION.IMPROVEMENTS :_ 

Two main-improvements-are planned,- an.improved or new ion source- and a separate 
power amplifier for the injection line .debuncher cavity. In. addition, more care 
is to be taken,in setting.up the linac to.obtain greater repeatability of its 
mean output energy and longitudinal emittance. An increase of _two is needed in 
,the HT ton source output and development will.continue on the,existing Penning 
source and also on.a higher volume multi-cusp source. The debuncher,c.avity is 
powered at present from.the ‘fourth. linac tank and the control for the beam 
loading is inadequat.e. A separatq! power amplifier is thus to-be,installed. 
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IV. SYNCHROTRON DIPOLES AND QUADRUPOLES 

Synchrotron dipoles and quadrupoles are powered in series, with the units of 
each superperiod connected separately to one of the ten legs of a common choke 
which, in turn, is in parallel with a capacitor bank, to achieve overall series 
resonance. Separate trim quadrupoles are powered to obtain Q-adjustments. On 
raising the operating energy from 750 to 800 MeV, the voltages on the main 
magnets, the choke windings and the capacitors are all increased to near or just 
above their maximum voltage ratings. Thus, there will be extended running 
periods to confirm heating estimates and overall reliability. Also increased 
currents are required in the trim quadrupole magnets which will require 'some 
modified programming. Harmonic correction for gradient errors is to be 
investigated at low energies to see if enhanced Q-spreads may be contained. 

V. INCREASED POWER FOR RF SYSTEM 

Each of the six rf cavities is presently powered by one 250 kW tetrode, and the 
plan is to add a second 250 kW output tube in parallel. This increases the 
output power capability and at the same time lowers the input drive 
requirements, allowing both the shunt impedance of the cavities to be lowered 
and the accelerating voltage to be raised somewhat at mid-cycle. Copper 
sulphate liquid resistors may be adjusted to lower the shunt impedance, and this 
leads to an improved performance for the beam feed-forward compensation system. 
The beam loading power doubles at 2.5 1013 in place of 1.25 lOI ppp and is a 
maximum at the mid-point of the cycle. The planned increase in total 
accelerating voltage is to eliminate the tendency for small beam losses at this 
time. 

VI. CORRECTION MAGNETS 

Two additional dipole steering magnets per transverse plane are to be installed 
and also sets of sextupole and octupole magnets. These will be provided with 
programmable or pulsed power supplies. At present, there are four vertical and 
four horizontal steering magnets and they are used to provide fourth and third 
harmonic closed orbit correction. Further harmonic orbit correction will be 
obtained with the additional steering magnets. Six sextupoles are to be used 
for chromaticity correction and they are to be introduced as three sets of two 
to limit the possibility of resonance excitation. Eight octupoles are to be 
installed, similarly, as two sets of four and they are to provide Q-spreads to 
combat the vertical instability observed between 2 and 4 ms of acceleration. 
The major aim is to raise the Qv -value at the time of high transverse space 
charge, 0 to 2 ms, while reducing the chromaticity; this should allow-a larger 
space charge tune depression and enable the lost beam of small radial amplitude 
to spiral safely to the longitudinal collector. 

VII. MACHINE PERFORMANCE AND DIAGNOSTICS 

Additional diagnostics are to include high frequency pick-ups for the linac and 
injection line, and one or more beam envelope monitors for the ring. The former 
are to allow improved understanding of the linac performance and the latter, to 
study injection matching. The major concern in seeking a higher intensity is 
the control of the enhanced beam loss. It is believed that a higher intensity 
will only be achieved at a reduced acceleration efficiency and that the 
operational intensity will be determined by the practicalities of handling the 
beam loss. Thus, machine studies will concentrate on ensuring that the lost 
beam is contained in the beam loss collection system. If the loss reaches 
unacceptable levels, a modification of the acceleration system may be 
considered; in this, a subsidiary rf system would provide an initial linear 
rotation of the two bunches in (Ap/p,$> space. 
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VIII. TIMESCALE 

The three year timescale is set both by the funding rate and the scheduling, 
which must not disrupt the ISIS science programme. At this stage it is not easy 
to estimate the number of machine study periods that will be needed to evaluate 
the higher intensity performance of the synchrotron. 
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Status of the INR linear accelerator, the proton storage ring 

as a compressor ring of the Moscow meson factory are 

discussed - 

I. INTRODUCTION 

The neutron scattering facility is included in the first stage of 
the experimental area of Moscow Meson Factory. This facility is 
proposed using the complex of the proton driven spallation neutron 
sources. At present time the proton driven spallation neutron 
sources are preferable to the reactors because they are ecology 
safe and can be optimized for the kind of the neutron scattering 
experiments. 
The neutron sources will be described in detail at another paper 
/I/. Here is the description of the facility for proton driving 
only. 

The facility for proton driving consists of a 600 MeV proton/H- 
linac and a compressor ring (Fig. 1). It is possible to use the 
linac proton beam for driving the neutron sources with the 
designed peak beam current and it is possible to use the proton 
beam with increased peak beam current from the compressor 
after multiturn charge-exchange injection of H- 

ring 
beam from the 

linac. 

II. PROTON/H- LINAC 

Proton/H- linac has been designed under the guidance of the Moscow 
Radiotechnical Institute /2, 31. 
The main linac parameters are : 

the energy 600 MeV 
summary peak beam current of the protons and H- 50 mA 
the pulse duration (l-st stage) 10+ 13 s 
number of particles per pulse 3*1Q 
the repetition rate 100 

ppy 
5. 

The linac consists of the injector system, the initial part of the 
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Al-v&& 'type -'u@'to 'the energy l-00, +lti- (5 caviti.es.3 with "drift 
tube&Y oper$ting at"frequency 198,2’MHt, &nd..the, main.' part; with 
the-maxi mum 'energy.df-600. M+J (27 -disc'and'tiasher 'cavities). at:the 
frequency.'of.99120 MHz. .‘The &ergy'vdrP'Ytion' 8s: tforeseen to .be 
stepwiie below 160 MaV ‘arid then c&tinwouGl~y up to.600 MeV , ’ with 
intermediate beam extraction at IdOTMeV~ !i -. :' -7 - : e __ L. 

ff$jector'systefi ~as'+w~ :ibn e&urces:-.. *. . -. : :. ).. ‘:. 

(i) a conventional. .duoplasmptron .with -a directly, heated'. 
:‘ cathode and continuous flow of -"hydrogen --as- a. .proton . .;_ source, ,j '>‘ i -. * .,. ‘. ', . . .. : I. 1 '~ 

(fi)' th&r-Dudfiikov type'H-'~&rc~./J/_~ :i _ '1' : ,. 

The-accelerating tubes 'ofsthe.injector system has two gaps : 5 cm 
with-300 KU focusi.ng voltage and 3 5 .cm i&th .a vol-tage*.-of 450 KV. 
The tuning and initial- operation -of the.linac-is being done with .a 
proton injector. ,~. ..‘. .’ _.,. :_ i 

Presently, the.750 KeV proton in_ie_rity has been installed and 
checked 5.t the repetitiori.rate 50 s . However, the pulse rate - 
kept 1 s during the "linac tuning procedure to decrease. t:: 
irradiation of;the equipment. In 1989, the proton beam of 110 mA 
pulse current was injected into the first, accelerating cavity and 
accelerated to,the energy 20.5 MeV. At the output of the first 
cavity, the pulse current of 29 mA without prebuncher and 4.6 mA 
with prebuncher was obtained. These parameters ares reasonable 
close to the designed values. The tuning of the whole initial part 
of the-accelerator with beam has been obtained for the first time. 
The output pulse current of 23 mA (without prebuncher) has been 
already reached, while the pulse parameters close to the design of 
the initial part are expected to be achieved by the end of this 
year. Encouraging is the fact that .the pick-up monitors placed 
downstream of the 2nd and 5th cavities.have shown no difference in 
the pulse current, that indicates that the losses in the whole 
initial part,of the linac are small. 
The equipment of the main part of the accelerator (from 100 MeV 
to600 MeV) is installed and partly tested. By the end of this 
year, the proton beam at energy 160 MeV is expected to be obtained 
and extracted to a small experimental room adjacent to this area. 
The acceleration to the maximum energy 600 MeV is planned for 
1991. 

III. COMF'RIXSOR RING 

Froton storage ring /5/ (Fig.21 will be used as a compressor ring. 
It is being under construction. 
Proton storage ring was designed for transformation of the time 
structure of the linac beam by the Leningrad Scientific 
Institute for Electrophysical Apparatus. 
The essential characteristics of the compressor ring 
follows: 

orbit circumference (circulation period) 106.7 m 
number of storage turns 240 
maximum intensity per pulse 3*10 

19 

stored beam emittance 3n 
max. incoherent tune shift ‘(smooth approx-1 -0.09 
peak current 11 
momentum compaction factor 0.371 
kicker-magnet strength 0.02 
kicker-magnet rise time 100 

Research 

are as 

(450 nsl 

cm.mrad 

A 

T*m 
ns 
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Time compression of the linac macropulse is achieved by multi-turn 
charge-exchange injection and single-turn extraction as soon as 
-filling process is terminated. One has to provide an azimuthal 
void to exclude beam loss during the rise time of kicker magnet 

field. Beam structure needed will be carved by the chopper, 
installed in an initial part of the linac. 
It is reasonable to use the isochronous magnetic ring. We intend 
to tune it so that transition .energy of the ring will be equal to 
linac output energy. Circulation time does not depend on particle 

momenta. The storage ring lattice with the required circumference 

may be of isochronous design at rather low cost, and short storage 
time (100 &G) tolerates small deviations from the exact 
isochronism without considerable bunch lengthening during storage. 
RF bunching system is absent in an isochronous storage ring. The 
ring of this type (IKOR) was studied at paper /6/ and at the CERN 
PS experiments on long-term bunch confirmed near the transition 
point were carried out /7/. Authors confirmed the possibility of 
isochronous ring realization. In a linear approximation the 
revolution period depends on the particle momentum $5 

AT/T 
0 

= 73(&p/p,) ) n =c-y 
0 

(11 

where y o is the relative energy, cx is the momentum compaction 
factor. 
Thus, the isochronous storage is possible in the ring with 

-2 
c!=y 

0 
(21 

The proton storage ring lattice of Moscow meson facility 
consisting of two achromatic periods has a variable momentum 
compaction factor of 0.32 < u < 0.42 ; a = 0.3736 corresponds 
to Eq. (21. 
Fig. 3 shows dynamic functions on half of its circumference. More 
detailed view of the lattice, the descriptions of its components 
operation and arrangement of the rest of the equipment may be 
found elsewhere /5, 8, 9/. Quadruples ti (Fig. 3) regulate the 
value of the dispersion function ye and the factor u. 
The recent investigations carried out /9, 10/ shows more strong, 
that the linac pulse may be compressed hundredfold using an 
isochronous storage ring without a R.F. bunching system. There is 
no need to maintain strictly isochronism conditions. For example 
at I?-)IS0.02 the bunch lightening during the storage period 
of 100 ~1s will not exceed 2.5 m, that seems quite tolerable, 
unless the goal is to obtain short bunches of several meters long. 

Equipment for all systems for the proton storage ring is under 
manufacture now. We hope it will be completed at 1992 and it will 
start to operate in whole at 1993. 
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Fig. 1 The scheme of the protone driver. 
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FIGURE 2. The proton storige ring..-101 - -108. - "thf 
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Fig. 3 The characteristic function of one half ring period for a isochronous regime. 
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ABSTRACT ,. : . 

The concept of’ cont~inuous mode high-power linear proton 

accelerator with 1.5 C&V energy; 0.3 A: current for the. long 

half-life nuclides transmutation into the short ones C waste, .of 

ato’kic.powe’r plants’ C APP ) ) iti prb,posed;. The accelerator des i g-r 

main principles, scheme and gktrametbrs are presented. The accent 

is made on the accelerator ,efficiency, reliak~ility and radiation 

purity. ,,. ~ ‘_ 

‘_ : 
I. . . 

. One of‘- the methods .of APP waste. treatment is based on’ the 
t~~ansml~tati’op of the 16ng haif-~1ife~nucl~ide-s into. the-.,,short on-es 

by’yower bi-oton accelerators w’ith 1~5 GeV -energy, 0.3 A cUrrent; 

the. mean ‘beam’ pow$r o;f 4.50 IW; genizrating.: Wet1trob fluxes for 
burr,e+-reactor [l $1 . . .* : i, . 

The first steps on the way to suth. accelerators are the 

linear kcelerator’ in Los-Alamos and ‘the Mosc~ow Meson .Facility 

linear accele’rato? at‘ the Iri*tituti of Nuclear: Research of the 
ClSSR Academy’of Scie\i’cek’..( MMF ):,The ac’celeratoV an-d its ma i n 

system‘s ciesig’r1 developmen%. was‘ carried out i n MRTf . C.33 . The 

experience in ‘the creation of’ th’e -.&.ove mention&d installations 
and other ones designed in USSR [4-‘33 : lead%, to the accelepator 
scheme .for burne\--react&r ( BELA > presented in Fig..l. s 

-. ‘ i .., 
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Fig. 1. Burner %-reactor accelerator installation diagram 
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The accelerator involves t h e in j ector c I 1, the initial 
i’ P )T t h e first <: PI j a I-l d t h e second 

0 
c PII > parts, t h e 

matching system kaetween the first and the second accelerators parts 

c M >, amplification channel with the automatic .regulat.iori systems 
CA A the master The 

I, II 
j and p 0 w e r system C MS ). .fol lowing 

concepts wer-e taker1 into account in the scheme choice, 
1. Simultaneous accele.ration of i-i+ and. H- beams. 19-t the case 

t h e frequency increase .factor i n .the f i t-3 t and t h e s e c 0 rl d 

accelerator parts .has t.0 he' odd -[:3] . It was. chosen to be equal to 
7 
4 . With larger values the b u n c h phase w i 13th i n t h e f i r s t 
accelerator part ,will s u-T: p a i s t h e second , accelerator part 
separatrix phase width d!_te to space *char-ge effect and accelerating 
chanrrel parame.ters ept--ores, and result in the beam losses at the 
transfer between the first and the secorld accelerator parts. 

.-. 
i. Transfer energy between t h e first an d t bl e second 

accelerator parts was chosen to be equal to 100 MeV. It’s t h e 
optimal energy value as to t h e shunt impedances of t h e 
accele.rating structures in the first and t h e second accelerator 
p a 1-m t s . . 

J -2 . The specific acceleration was chosen to be 1 Mel//m. With 
larger values of specific acceleration the accelerator eff iciericy 
decreases while with smaller values the accelerator construction 
cost and the accelerating channel errors influence increases. 

At the present design stage two pairs of operating 
frequencies for the first and the s e c 0 k-1 d accelerator parts a r. e 

considered : ~(~I<~I arId &.(~x~) MHz ; 33(I) arId ‘3’3<> MHz _ The accelerating 
channel has the sttff iciently large acceptance and the accelerating 
resonators are of acceptable size at the frequencies of 20(:) and 
b.(X) MHz . The f reguenc i es of 33C1 and 9’30 MHz lead to the 
acceptance and rtisonator size decrease. On e s h o u 1 d note that 

490 MHz is the operating frequency of the MMF accelerator- s e c 0 t-1 d 
part. So we have considerakle experience of the accelerating 
structure development at this frequency . The ratio of t h e 
operating frequencies in the f i r 5 t and t h e second accelerator 
parts is equal to 3. It means that the acceleration in the second 
accelerator part is realizes w i t h i n 03le of three consecutive 
accelerating separatrix. Therefore it is possible t0 use t h e 

scheme presented in Fig.2. CZ] I 
The Lunches f-corn three parallel accelerators of t h e f i-rst 

part are sequentially injecting into each separatrix of the secolnd 
accelerator part. At the safe mean intensity at the output of ERLA 

.this scheme decr:eases hy a factor of three the mean intensity i n 
parallel accelerators of the first and initial parts and t h e 
accelerating beam hiunches amp 1 i t ude i n the second accelerator 
part . I n general it will simplify t h e high-intensity beams 
acceleration, The complication of the installation as a whole will 
te insignificant since the first Gcelerator part’ provides only 
seven per .cent of the total beam energy. 
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I - injector system 

P - initial accelerator part 

PO - first accelerator part 

p:,- 
second accelerator part 

M - matching system 

Consider the accelerator parts. 

Injector system C I >. 

Two parallel H+and H- beams 
lC@-200 keV energy. 

Initial accelerator part. C P >. 
0 

The convenient low-energy 

injectors are usedwith 

accelerators 14 s e the 
radio-frequency quadrupol e CEFB) ClO] 1 imi ting the heam current to 
0 . 3 A . In MRTI a structure was proposed providing for heam current 
increase I The proposed structure is the accelerating resonator 
witfi opposed vibrators an d superconducting solenoid f 0 c us i i-1 Q 
[11,12]. The ” SIU ” experimental accelerator scheme is presented 
in Fig.3. 
The superconducting solenoid with f ecus ing 7 T magnetic field 
contains a resonator with oppos-ed vibrators. RF power is applied 
to the resonator output hy a coaxial feeder. The beam currert t ’ 
value of 0,4 A was achieved in the SIU accelerator with 130 keV 
injection energy, 1,s MeV output energy, 200 MHz operat irig 
frequency . In principle this scheme -allows to accelerate the beam 
current up to 10 A. 
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TO VACUUM PUWS BEAM DIAGNdSTICS 

Fig-Z. Outline of the SILi-1 experimehtal l?F proton accelerator. 

j-& first accelerator. part C PI > 

The resonators with d rm i f t t uh e s a r e 1-L s e d i I-I t 11 e first 
acceler-ator part. Initial energy is equal to 2-T ._* Me!/. Th P f i e. 1 d 
13 i 5 t 1% i kg I_! t i 0 1-1 stak~ility along t h e r e s 0 n a t 0 r- i s real i z’ed by 
resonance rods Cl31 . This field stak~ility method was siuccessf 111 ly 
I_~SPC! in the MMF accelerators. 

The second. main. accelerator part C PII > 

CO 1-1 5 i de 1-s t h iT e e s t 1-s uc t u r e s f 0 1-m t h e 5 et 0 1-1 d accelerator part : 
side-coupled resonator developed in Los-Alamos [lil], 1% i 1-1 g-c 0 up 1 e d 
r~esoriator~ Cl.53 and resonator-m with washer-s and diaphragms developed. 
in MRTI C Fiq.4. j. 

. 

a) Side-coupled str-ucture 
.b> Ring-coupled structure 
c> StrGctur-e with washers and diaphragm5 
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The- side-couplel~.--resona’t.o~s. wen slstccessfu-1 ly used :far proton 
and electro!s acCeleratprs in VSA., We propp:ed 
resonator ftir the-b% accelerator. The’ ahove 

the_ r i R g-c 0 up 1 e d 
men% i 0ile.d‘ r&&bnator 

is equivalerrt to side-coupled resonator-, b u t it has h i g h e I-- 
coupling factor. The resonator?, w.ith washers and diaphragms has 
significant differences as -compared with the above men t i orled 
p n e s : tBe, high coupling, factor <: 40-50 per-cent agaiyist 4-7 per 
c.@:lt .fcir- the I side-coupled and. ,~~,~n$~&@qlbd resbna*6rs .&Id. fh’e high 
vac_uum cpnduc t iyi %q. .The system dr&wb&zk :consist& yi’ls. the : &djacbnt 
values ‘of thb ope;--atin~-~&n~ -iBar-asite’ mo’des. :T’he-. faui.t: W.&S. .’ &ho+ed 
by~~means. .gf the. T+sh+ped cli,&s ,irt- di+$hra&&~ Cl?]-. . I Thb .+es&ato+ 
with wishers ArId diaphragms i%- i:ls.ed in- %he MMF:.acc$ler.%to~- ikkd is 
proposed for ERLA. At present 32 resonators are mounted, _ tiked arid 
ready ‘to’. operate; T_h.e &tructur.e i&b’stigations showed. itS 
qlral i t’y’ . 

h i g ti 
Ttle fokusjeg’ system ~‘tio~_~l~~ &I& ba%.ed or,. the quadr-upo 1 e 

lenses with permanent 
the +eliakility, 

magnets ,Ell, 193 S.i_ttih system that increases 
simplifies exploitation and decreases t h e cbst * 

In the. first, and the second accelerator parts one should .use t h e 
F CiDii focusing structure that .i s less sensitive to magnetic 
parameters errors as compared with the FDO structure. 

F@F_ system 2 .-’ 

The new type of RF- gerlerator “rerjatr-on” is. developed in MRTI 
[ 20-22 J . Regotron is a hi yh-power RF. generator based 0 ri 
relativistic electron beam with the distributed RF power 
takeoffand high efficiency. The scheme of regot-ron is presented..in 
Fig.5. 

Fig.5. Regotron installation diagram. 

l- high-voltage injector (I) 2 - huricher CBj 
3 - distributed power takeoff systirm CPSj 
4- active cavities of the ppwer takeoff system 
=‘ - e-1 Bunching cavities -of. the- potier takeoff 
system 6 - output. cavities 7 - beam collector 

i-he device contains four- pa+ts : 
- the high-energy accelerator generating electron beam .with potier 
W 

0 
- the buricher for the electron beam bunching in accordance with RF 
signal C E j 
- the distributed system of the beam RF powe’r takeoff. The system 
contains a chain of ri resonator pairs < one in a pair- is ati active 
load and other is passive j 
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- collector ( C > where the beam residual power W 
r 

is dufmped 

The regotron efficierIcy is given by the eqgatiorr : 

W 
n=l-r 

W 
0 

High efficiency of the device ii due to the a 1-t t 0 p ha 5 i I-I g 
mechanism in the power takeoff system [21] preveritirrg from the 
electron hunches blowup. The distributed power- takeoff system with 
n pairs of resonators allows one ta 1Temove the limitatiorl typical 
for the generators with a single 0 1-t t p 1-t t takeoff re.e 5 0 t-1 a t 0 r- with 
1 MbJ limit power C23i. 

The theoretical estimates and numerical simulation khow that 

1-e e g 0 t 3-s 0 )-I i s capaBle of generatirfg 5.. . 10 MW 0 r-1 t p u t p 0 WP r- i 1-1 
continuocts mode with 70-:X) per cent efficielicy even with low 

relativistic 6ea.m C 500 keV energy W 11. The 
0 

energy recuperation 

i I-I t he c 0 1 1 ec t 0 rw 0 r i t 5 1-t 5 e is c 0 t-1 s i de f e d f 0 r t h e efficiency 

i 1-i c I'- e as e . At present the device development is on t h e stage of 
nperating model construction. 

Use of such high-power RF generators irrstead of k 1 y 5 t r- 0 I-I i 1-1 
corItinuo~_ts mode allows to simplify t h e accelerator RF power 
SI-tpply. The variant with a gr-oup of r~ resortators group is excited 
By a sirlgle regotron with the 1-1 energy ot_ttputs is possible. 

Cor~sider~ the ELLA design problems. 

Efficiency problems 

The total accelerator efficiency is basically defirred hy that 
of RF resonator- erIe@y tr~ansformation into the heam kinetic energy 
i resonator efficiency r) i I-I t 0 

r 
> and electric power transformation 

the RF gener~ator~ energy C generator efficiency Q j. The total 
g 

efficiency is equal to the product of the two components r)=r7rQg. 

Th e p owe r consumption of t h e f rjc 1-15 i )-I g , contr-01 T measurement J 
vacuum al-113 subsidiary systems is negligible. 

T h e r. e s o i-1 at o r e f f i c i en c y estimate has a form of 

vr = 1/[1+~Ey/I~ZTZcos24~)] 

w h e r e I t 0 
n 

is the heam current, E 
Y 

is the voltage c 0 r-r e s p 0 1-1 d i r8 g 

the proton-I energy gain per unit length C2its value is equal to the 
energy gait-1 per 1 m of accelerator ji ZT is the effective shunt 
resistance of resonators per clni t length. Accelerated part i c 1 e s 
c 1-t r I; e j-1 t dependence of the resonator- efficiency q{ I) is p I-. e 5 e 1-1 t e d 
in Fig.6 for three values of ttIe 
ZT= 

energy gain per- ufrit 1 en gt h , I f 
= 40 MeV/m y p = rriIf and I = III _ 3 /q t h en t h e r-es 0 n at 0 r. S l-l 

efficiency amour~ts to 0.4. 
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I I I I 

Fig.&. Accelerated particles current dependence of the 
r e 5 o I-I at o r efficiency for three values of the energy. 
gain per unit length ( MeV ) 

The accelerator. efficiency problem should be solved hy t h P 

construction of regotron with at 1 east 0 * 8 efficiency. Then 

?'1)cJ 
0 0.7 and the total accelerator efficierrcy estimate is 0 -6 . 

It's quite feasible. 

Reliability problem. 

The reliability problem is essentially a problem of the 
installed power utilization factor C K > realization. The K 

U U 
factor represents the ratio of the accelerator ac t ua 1 operatior~ 
time with the beam 1-1 0 m i 1-1 a 1 parameters to the year hour 5 urn . 
According to the ni_ic 1 ear p 0 we r e n g i 1-1 e e r i 1-1 g specifications we 
present data for linear accelerators in ErookhaverI and Los-Alamo5 
to illustrate the reliability of their operation and the 
contribution of the separate systems. 

The linear accelerator in_ Los-Alamds [la] 

I rI j ec to r - 30 r+ 
RF system - 25 % 
Magnet arId their power supply -13% . 
Vacuum system - 8% 
Ot he r system - 33 % 

The linear accelerator in Brookhaven National Laboratory - 

t::: =(:I . 95 
U 

Itnj ector 
RF system 
Vacuum system 
KIther system 

- 29 x 
- 39 % 
- 9% 
- 18 % 
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It's ohvioiis that injector- and RF systems give ma:.: imum 

contribution to the accelerator operation unreliahility. 
For devices relighility improvement C firs%_ qf all RF system 

and irij ector j it's necessary to increase K factor. For- the K 
U U 

factor increase should he ‘use ,th.e reservation schemes C as in t h e 
MMF accelerator for RF system j, permanent magnets in CfLb3d~-~L~F~O i E 

lenses, deve 1 opmen t of the f ai 1 uFe prediction analysis system 
through the heam losses measurement. If’s necessai-y to use t t-i e 

recommendat ion of the papet-- C231 for- the dev.elopment of RF pT'wer_ 
system 01-1 the regotron base. 

A linear accelerator is considered to be radiation Fa B-1 F e if 
the irrduced y-activity doekn't exceed the -occupational radiatiori 
ilose of 2:s mGy/hour at the distarice of l-m f I-- 0 m the axis of 
accelerato~r after- 1 hour uporl its s t1 1-I t d0wr1 . The c 0 r r e s p 0 ri d i n 3 
permissible beam loss in the energy range W = 0.1 - 1 GPV amounts 
to .CZitl 

The problem is essentially that of limiting the beam loss at 
the level givei- &y the 'eq:(lj. Urlder the cor~ditior~ the accelerator 
maintenance does not require manipulators an 83 can b e performed 
manually. Since the time of direct accelerator- engineering service 
C preventive maintenance, malfunction correction > is limited, thg 
man ua 1 service is permissible eve t-f with the dose power- of 
1-1 5 _.k mGy/hour. The corresponding level of beam losses amounts to 

wq25 1 GeV nA/m (2) 

Under the conditiorr C2j arrd with specific. acceleration of 
1 Mev/m in the second part of accelerator ( i.el 0.1 - 1.5 GeV j 
the total permissible beain cGrrent losses amolii-lt to 3 pk. With the 
beam c~~rrert~~nf 3X) mA it leads to the per~missible relative losses 
of about 10 , whilst the c_orrditiorr Cl> leads to the relative 
losses of the or~;der of llll-O. 

Several methods were proposed and developed in MRTI to solve 
t l-t e ra d i at i 0 n p u r i t y problem. Some of them were applied, i 1-1 
part i c 1-1 1 a r 9 i 1-1 MMF accelerator. Amorlg t h e methods are t tr e 
following: beam phase volume filtering, suppression of c q h e r en t 
longitudinal and transverse beam oscillations, contactless~ beam 
parameters measurement, beam distorti on diagrlost its ttlr~ollgtI t t1 e 
beam loss measurement, and residual gas pressure limitation in the 
H- heam channel. 

The 7’ h a s e vo 1 ume filtration met h 0 d essence cotisists i I-I 
shaping such accelerator input phase volI_un~, .that w 0 1-l 1 Cl b e less 
ttlerl further acceierator pei-st 

losses woulC!rl't e x c e e d 10 
ac_c6ep tance a t-i d relativf? particle 

. . . 10 ( fat- BELA j. Trarlsverse p ha s e 
volum@ f i 1 t e f i l-1 g theory p r i I-I c i p 1 e 5 with space c ha rg e arid 
longitudinal-transverse particles oscillations COLlFal ing- are 
py~eser,te~j in [:2,26,27] _ 

Beam perturbations diagnostic method by beam i055e5 analysis 
with the help of io 1-1 iz eb radiation detectors C see [2:3-30] j. is 

designed to determine beam pertu~-.kations soui-xe and location. Beam 
perturbations diagnostic problems are formulated as follows. k e 



assumes ‘that the phase volume _, f.iltrati,on is. f+tlfille~~ .at the 
beginning of accelerator, tol.era.r!ces a+ I .wi$tfi:n. the calc!_tlated 
limits, lorrgi t!ldir!al arrd -. tran.sverse coherent _ 
oscillations depress system ,effectiv&ly dperates. Thgg ’ beam _ ._ 
kae accelerate ,wi th pqssi&l-y:.. .small .l,ois.es.. If S.. ,sitigl$ 
characterist.i.c perturbati,on will. ..b;e redlized C :i,ongi.fudin+l motion 
perturbation, trar!sve,rse mo-tion per.t!+rbat i.$n, . ..H i&i! dis$‘harg& by 
resid!aal gas ) 9 then a certain loss distrifiution tii‘ii”rdsuit; The 
reverse .problem of Or!e .or sevyral C fe.w >-- perl+ykia$ior!s. seqr?h. by .- .I. 
measclred beam losses -disfri.k~utiqn is -j.ut;t pert.urbati&n .diagnostic 
proBlem:;This, prok*lem ,qari .-be : solved, Loss, diitributJor!s fdr 
characteristic .beam perturbations atie ;pres&!ted,. in ‘C2‘Y-303 I VI e 
problem of beam loss .distributi.qn. fvr!Ft$.on reestablishment key 
measured ,neutron fi,eld , d.istribu$ion. is k.oived theIke; 
Accelerating-focusirig channel. .parameter++ variation _ .&d beam 
parameters.measurement syst:m information are also CL s e d by, this 
methad. 

C;urrerft status of radi$ti or! :pu+:ty prob!Fms solvi+!g tis 

follows* In LAMP~...accelerator .,m_e3a?ur:ed lqsses at 70 
accelerator- .1: mA .are equal to 10: -- 

:=x-xi mey ~ ..*_-- 
It, means ‘*hat -c.o’r!.di,t,ion (2) is 

satisfied at 1 mA mean Beam cct&e.r!t I .and man!+1 accelerator 
maintenance problem is solved, ..Llse of the new, cor!sidered methods 
permits to hope that this problem ~$11 k:e .soived for ,BRLAi 

In conclusion it’s possible ,to..make..the .foi.;owir!g_inferer!ces. 
1. The arfaly?is of. biTlear _pc?tori accelerator ?ci,elnce. and 

technology develppment and current status along Gitt-1 the modei%! 
problems. shows .&hat .the design anlll !xpr!stru&tior! of contiriuous- mode 
1 .5. c&V.,- Cl.3 A linear protqn pccelerator is feasible ar!d,,does, i-;tit 
er!co!ulnter with ur!solvaktle science and technology prokllqms. 

2. One of the !yair! BRLA. design pr6blems is that‘of‘generators 
with 15 .- 113 MW me+-! power, 200 (300) and’. 600 (%:lo) MHz’. .. operating 
frequencies, efficjency of grder ?O. .,.80~ X and- 10 tho!_!sand k! b u r s 

, 
. , 

of service life. 
aFcele+atir!g structctr!$s‘: 

‘_ 
3. F!_irther investigations :a+ 

necessary both fir low energies and, for-.:high e&Grgies. 

thrge 
4. Or! the way to BELA impiemen$ation~ r it 5 neces$ary'to 5olGk 

importar!t_problems ., to ,say r!oth$ng of ttfe’ ir!divih!&J i * F! ear. 
acce 1 erator systems perfection. The three prob 1 ems are .$ he 

eff.icier!cy,- the reliability and the, radiation ..purity. The. basic 
processes for tt!eSe problems. SOlufiOn Wif! bg _,simuJatec.. at. flMF 
accelerato1r. 

5, Current status of .lir!ear proton accelerator science a r! d 
technolpgy. development., .experiFr!ce of_ -.,the IS?v$et brotor! 1 i n e a r 
accelesator laloratqyies, ir!cludir!g the very .gowe.rful MM’F 1 tt! ear 
accelerator., permit to consider th& constr-uction,. of _ ihe p y.0 t i 1-i 

linear accelerator frpr high ;level radioactive wastes ef a.tomic 
power plants transmutation within -next 15 yea!:-,., 

6 . Since target complex prqbjems. are difficult aS,weli; itis 
nec,e~sary to solve. acFelera<tor and .I tar$.tit comp.lex: .proBl ems 
simu.ltaneous~y, It’s worth whi.lp, to salvCa partr of: target &omple+ 
prok~lems at MMF linear accelet%tori 1. -,, .; . . . 
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I. INTRODUCTION 

Much efforts are required to 
understanding that nuclear energy 
the view point of preservation of 

get the social 
is clean from 
natural 

environment. The social understanding is one of 
the premises for that the nuclear power genera- 
tion is continually accepted for future like it 
was in the past. It is indicated in Fig.i that 
share of the nuclear power in the whole primary 
energy supply has to be much enlarged if we want 
to lower the emission of CO2 to an acceptable 
level while keeping-the economical growth rate 
to the level being attained at the present.(l)- 

The efforts should be directed to the 
following two taigets. One is the development 
of more safe nuclear reactor compared with the 
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existing ones, for which the occurrence proba- 
bility of the large scale accidents followed by 
the considerable level discharge of radio-active 
substances such as the case of the Chernobyl 
reactor. can be thought to be effectively zero. 
The other is the establishment of the radio- 
active waste management technology. 

In the spent fuel of the nuclear power 
reactor, are included the trans-uranium nuclides 
(TRU) such as Np, Am and Cm. Therefore, they 
must be kept away from the human living area for 
very long time, because some TRU have long lives 
exceeding lo4 years. The situation is explained 
in Fig.2, where the decay of toxicity of nuclear 
wastes with time is predicted. The geological 
deposit is widely accepted in most advanced 
countries. But, it is not an easy task. If the 
TRU nuclides are transmuted to stable or short 
life ones, the technological burdens placed on 
the geological deposit can be substantially 
mitigated. 

The Japanese Atomic Energy Commission con- 
cluded in Autumn 1988 to strengthen the research 
and development on partitioning and incineration 
of nuclear wastes. The Science and Technology 
Agency formulated the OMEGA project. The fuel 
cycle committee of OECD/NEA has decided to 
initiate an international collaboration frame 
work for the subject. 

Incineration of nuclear wastes by use of 
accelerators is defined as one of the important 
tasks in the OMEGA program. Japan Atomic Energy 
Research Institute (JAERI) has been engaged for 
several years in the basic studies on incinera- 
tion technology with use of the intense proton 
linear accelerator. The intense proton acceler- 
ator program intends to provide a large scale 
proton linear accelerator named as “The Engi- 
neering Test Accelerator”. The principal 
purpose of the accelerator is to develop the 
incineration technology of the nuclear wastes. 
In the facility, will be made the mersurements 
of nuclear data, integral reactor physics 
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efficiency of 98%, a stripper carbon foil with a thickness of 300 or 250 l_tg/cm* is necessary for the 
H- or HO injected beam, respectively. The effects .of this foil to the beam is as follows in the case of 
direct I-I- injection (the estimation method is described in ref. [3]): 

- Energy loss per passage (AE) is -600eV. 

- Emittancegrowth per passage,(&) is -0.005 qunr when the emittanqe of an injected beam is 1.4 

7qtmr and the betaifunction at the foil is 15 m. 
Though.these are not so large, and even negligible when the average foil. passage number is several 
tens, beam losses due to scattering by foil atoms and nuclei are far more severe: 
- The beam loss rate per passage due to nuclear scattering (LJ is -5.6 x 1O-6. 
- The beam loss rate per passage due to large-angle Coulomb scattering (Lc) is -4.0 x 10-6, provided 
that particles scattered by an angle larger than 2.8 mr are lost. 
- The beam loss rate per passage due to large energy transfer (L,) is -1.3 x 10-5, provided that 
particles which lose an energy larger than 1 MeV become lost from the rf bucket. 
Thus, the total beam loss rate Q is 

L = L+ Lc + L, = 2.2 x 10-S. : (1) 

This means that when the accumulated particles pass the foil an average of 50 times, the fraction of 

the lost beam particles reaches 1.1 x 10-s and the lost current exceeds 0.2 PA. In the JHP case, in 
order to accumulate 2.5 x 1013 protons the H- beam should be injected during 600 turns of the ring 
cycle; accumulated particles pass the foil location 300 times on the average. Therefore, the foil-hitting 
probability should be suppressed to 10 % or lower. As far 
as the foil-hitting probability is concerned, the lower the 
better. 

In order to reduce the foil-hitting probability, the 
foil is placed outside of the ring acceptance and the proton 
beam captured in the ring is moved away from the foil as 
soon as possible by varying the injection bump orbit. 
Moreover, the shape of stripper foil is designed as the 
postage stamp or the corner foil shown in Fig. 2, and the 
injected beam is positioned just inside of the foil edge. Fig. 
3 schematically shows the situation regarding the foil and 
beams both upsream and downstream of the foil in the case 
of direct H- injection. There are three beams downstream of 
the foil: a proton, H- and He. Because the H- beam is 
injected just inside of the foil edge+ it is very possible for a 
part of beam periphery to wander out of and miss the foil. 
This part thus remains as a H- beam. The amount of this 
part is expected to widely vary from negligible to several % 
of the injected beam, depending upon the partcle 
distribution of the beam and the beam positioning in the 
foil. Although several % of the beam is far more than the 
amount of the part lost by, scattering, this part can be 
controlled and transported to a beam dump with a suitable 
beam guiding system. The He beam downstream of the foil 
is produced from the main part of the injected beam, and 
amounts about 2 % of the .beam or -4 ltA. This part is also 
controllable and is produced as a result of selecting a 

(al 0 postoge stamp foil 

(b) a corner foil 

Fig. 2 A postage-stamp foil and 
a comer foil. 
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magnet 

Stripper 
magnet 

Fig. 3 Beams upstream and downstream Fig. 4 Beams upstream and downstream 
of the stripper foil during H- injection. of the stripper foil during He injection. 

thinner foil with a 98 % charge-exchange efficiency in order to reduce any uncontrollable beam loss 
due to scattering. This Ho beam is considered to be as stable as an injected H- beam and is desirable 
to be transported to an experimental room for experimental usage. 

The case of HO injection is illustrated in Fi g. 4. For the same reason as in H- injection, the Ha 
beam is injected just inside of the foil edge; a part of the beam periphery misses the foil. About 2 % of 
the beam which passes the foil also remains as an Ho beam without being charge-exchanged to a 
proton beam. In this case, however, both of these parts are of the same kind and comprise an HO 
beam. This Ho beam has a current of several PA and is considered to be useful in physics 
experiments. 

In both of the cases mentioned above, one or two beams with probably several l.tA intensity 

are spilled downstream of the foil. This beam current is higher than the empirical limit (0.3 r_LA) of the 
beam loss by more than one order of magnitude. Thus, if several % of these spilled beams is lost, 
significant activation occurs around the injection straight section. We can not be too careful in the 
treatment of these spilled beams. 

IV. DIRECT H- INJECTION SYSTEM FOR A SUFFICIENTLY LONG STRAIGHT 
SECTION 

Though examples of sufficiently long straight sections used to insert a direct H- injection 
system are found in papers of G. H. Rees [6] and E. P. Colton [9], neither of these papers describe 
in detail the treatment of spilled Ho and H- beams. Although we can consider a complicated and 
sophisticated system for the direct H- injection system, we restrict ourselves to a rather simple system 
and do not deal with any unnecessarily complicated systems. 

Roughly grouping, there are four components necessary for a direct H- injection system: 
- a set of dipole magnets to form an injection bump orbit, 
- a stripper foil, 
- an inflection magnet system to guide the injected H- beam near to the injection magnet, and 
- an extraction magnet system for spilled Ha and H- beams. 
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In order to suppress any emittance growth and particle loss at the stripper foil as little as possible, the 
beta-function of the ring optics should be small at the foil in both horizontal and vertical planes. 
Requiring, furthermore, easiness to match the injected beam to the ring optics, we consider a special 
insertion-that has a waist with a sufficiently small beta-function (= 3 m) in both planes at the center. 
At each end of this insertion, a set of quadrupole magnets is placed to match the insertion optics to the 
adjacent ring optics. Therefore, the four components mentioned above should be accommodated 
between these adjacent quadrupole magnets. Hereafter, this insertion is called “injection insertion”. 

When the waist with a PO beta-function is formed at the stripper foil, the /.3 beta-function at a 
point with a distance of L from the foil is given by 

P = PO + L*/po. (2) 

When we take a moderate value of 15 m for the beta-function at the end of the injection insertion, then 

L = 6m (wherep = Urn), (3) 

This means that a typical length of such an insertion may be about 12 m. 
Figs. 5 and 6 show examples of a conceptual design which arranges four components in the 

above mentioned insertion. Fig 5 shows an example which conducts both the HO and H- beams 
together to a beam dump. On the other hand, Fig. 6 shows an example which separately conducts the 
H- beam to a beam dump and the Ho beam to an experimental room. 
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Direct H- Injection System I 
to Beam Dump 
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am 

765432101234567(m) 

Fig. 5 Direct H- injection system I. 

Orbit 

The second bump magnet is 
called “injection magnet” in this paper. 
The maximun displacement of the 
bump orbit is usually taken so that the 
stripper foil at which the orbit passes 
comes out of the ring acceptance. 
Here, it is taken, as 80 mm so as to 
meet further requirements as well; the 
spilled Ho beam should sufficiently 
clear the fourth bump magnet and 
should not require a long distance for 
the proton beam to separate from the 
Ho beam by enough space to insert the 
septum coil of the bump magnet 
between them. In such a situation, two 
outer bump magnets, the inflection 
magnet and the extraction maget 
should be of the septum type. The 
magnetic field of the inflection magnet 

should be taken to be lower than 0.4 T in order to avoid considerable amount of magnetic field 
dissociation of the injected H- beam. It takes more than 3 m to inflect a l-GeV H- beam by 30 cm. 
Spilled Ho and H- beams are extracted with a septum magnet after being converted to proton beams 
by a stripper foil. In order to extract these beams 30 cm from the bump orbit, a septum magnet of 
about 2 m is necessary when a 0.8 T magnetic field is available for the septum magnet. When both 
spilled Ho and II- beams are extracted together, as shown in Fig. 5, the first quadrupole magnet 
downstream of the septum requires a very large horizontal aperture, since these two beams are 
considerably separated from each other. 
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When a spilled He beam is 
used for experiments, it may be 
desirable that the control of one beam 
does not affect the other beam, as 
shown in Fig. 6. In both cases 
illustrated in Figs.5 and 6 it may be 
considerably useful to monitor the 
current and profile of each beam at a 
location where these beams clearly 
separate from each other. 

V. Ho INJECTION SYSTEM 
FOR A SHORT STRAIGHT 
SECTION 

The typical length of a straight 
section may be 5 or 6 m for an 800- 
MeV or l-GeV synchrotron with a 

Direct H- Injection System II 
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Fig. 6 Direct H- injection system II. 

Orbit 

usual higher symmetric FODO lattice. It is impossible to insert the injection insertion described in the 
last section in such a short straight section. Even if the ring lattice is used as it is without any insertion 
and, moreovere, the bump orbit is formed with an aid of the lattice focusing force, the straight section 
is not sufficiently long to accommodate all of the stripper foil, the injection magnet, the inflection 
septum magnet for the injected H- beam and the extraction septum magnet for the spilled Ho and H- 
beams. It is therefore very difficult to accommodate a direct H- injection system in a straight section 
of this type ring. When one is accepted as the superperiodicity, a special H- injection system may be 
considered [lo]. In such a system, treatment of the spilled HO and H- beams is also one of the major 
subjects. 

On the other hand, a two-step Ho injection system is capable of being accommodated in a 
short straight section, since it does not have any inflection magnet for the injected H- beam or any 
extraction magnet for the spilled H- beam. Fig. 7 shows an example of a two-step HO injection 
system. The Ho beam, which is formed in the stripper magnet, passes the gap of a synchrotron bend 
magnet without interaction and injects to the stripper foil. The stripper foil is placed outside of the 
ring acceptance. The proton beam formed at the foil is captured on an orbit oscillating around the 

Two Step Ho Injection 

Stripper 

Stripper Fail 
H- Magnet 

I-IAI-I Ha 

l-l P 
QF 

Stripper 
to Experimental 

Room 

to Beam Dump 

I I t I I 51 I I( * 11 11 

0 1 2 3 4 5 6 7 9 9 10 11 12 13 14 15 16 17 W(m) 

Fig. 7 Example of a two-step Ho injection system. 

bump orbit. As the bump 
orbit is varied, the captured 
proton beam wanders away 
from the foil and a 
continuously formed proton 
beam is painted over the 
phase space of the ring 
beam. One spilled beam is an 
Ho beam which consists of 
two parts (as described in 
section III). Because the 
current of this Ho beam 
amounts to several l_tA, it 
should be transported and 
used in an experimental room 
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after passing any current and profile monitors to obtain useful imformationconceming the injection 
tuning. It should be noticed that this type injection’system is al-so applicable to the .arc’part of a 
racetrack-type ring where there is no straight section, except for very short spaces between the bend 
and quadrupole magnets. 

A two-step Ho injection system has been constructed and operated for several years at PSR. 
In the system at PSR, the stripper foil is placedat + location different from that shown in Fig. 7 and 
shortly downstream of the QF guadrupole magnet. This difference is very important to the matching 
of the I-I? beam to the ring optics [ 113. The PSR injection system also has no magnet’to switch the 
spilled He beam to the experimental room. Experience at PSR have indicated that two-step Ha 
injection has two problems [4]. One is an angular divergence accompanying. the charge-exchange 
process in the stripper magnet, and the other is a mismatch of He beam to the ring optics at the 
stripper foil. 

Because the magnetic field dissociation is a stochastic phenomenon, the place where each I-I- 
ion is changed to an Ha atom is distributed along the beam path in the stripper magnet. Thus the 
distribution of the path length, over which each particle flies as an I-I- ion, results in an angular 
divergence or an exnittance growth of the formed I@ beam. When the beta-function of the H- beam at 
the stripper magnet is p- and the r.m,.s. angular divergence is A$, r.m.i. emittances c- and &o of the 
H- and Ha beam have therelation: 

eo = Kr,and (4) 

K = SQRT.( I + j3-( A$)2/&- }, . C5) 

where both the phase-space particle distribution of the Ha and H- beams and the distribution of the 
angular divergence are assumed to be Gaussian. This angular divergence becomes smaller when the 
field gradient at the place where the stripping mainly occurs becomes steeper. The stripper magnet of 
PSR is an iron-core magnet which has a‘ special pole shape in order to generate a very high field 
gradient [12]. Since the main gap is required to generate a field higher than 1.8 T, it is as narrow as 
11 mm. Furthermore, a vacuum envelope is also inserted in the gap. As a result, the aperture for the 
beam is only 10 mm. In the bending plane, however, the aperture is as wide as 53 mm. The JHP 
compressor/stretcher ring proposal also assumes a similar stripper magnet. In such a stripper magnet, 
A@ is -0.37 rnr for an 800-MeV beam; it is estimated to be -0.26 rnr for a l-GeV beam. IS thus has a 
value of about 3 for usual operation of PSR; a similar value is expected for the JHP proposal. 

The other problem is that the He beam formed by the above-mentioned stripper magnet can 
not be sufficiently matched to the ring optics at the foil. Since this problem is discussed in detail in 
another paper [ 111, only some important points are described here. In the He injection system of 
PSR, the stripper foil is located shortly downstream of a QF quadrupole magnet and the bending 
plane of the stripper magnet is horizontal. With this arrangement, the Ho beam may be matched in the 
vertical plane, but hardly in the horizontal plane.‘Because the gap of the stripper magnet is narrow, it 
is also difficult to perfectly match in the vertical plane:On the other hand, the stripper foil is placed 
between a bending magnet and the following QF quadrupole magnet and the. bending plane of the 
stripper magnet is set to be vertical in the case of JHP proposal as_ shown in Fig. 7. In this case, the 
Ha beam can be matched both in horizontal and vertical planes. A small mismatch, however, can not 
be actually avoided, since matching at the foil contradicts any suppression of emittance growth in the 
stripper magnet. The degree of this mismatch is defined by amismatch factor [4], 

c = ‘(Par i 2aoa + pyom, 
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where (PO, ~ZQ, yc) and (p, a, y) are Twiss parameters of the Ho beam and the ring optics at the foil. 
When matching is perfect, C reduces to 1. We then have 

E = c Eo, 

where E is the emittance of the just-formed proton beam, and the tail of the proton distribution 
becomes longer than the Gaussian distribution [ 131. The mismatch factor for the.PSR is about 3.5 in 
the horizontal plane; for the JHP proposal, the mismatch factors are 1.2 and 1.6 in the horizontal and 
vertical plane, respectively. 

VI. DISCUSSION 

For full energy injection, a direct H- injection scheme or a two-step Ho injection scheme may 
be applicable. Direct H- injection does not introduce any emittance growth like that which occurs in 
the stripper magnet, and is able to match the H- beam to the ring optics at the stripper foil. However it 
requires a ring with a especially long straight section since a direct H- injection system is considerably 
long (as is described in section IV). On the other hand, although two-step Ho injection has noticeably 
atractive features (simplicity of the injection system and wide applicability to various types of rings), 
it introduces a beam angular divergence in the stripper magnet and an optical mismatch at the stripper 
foil. These eventually result in an emittance growth with a factor (K x C), where K and C are defined 
in equations (5) and (6), respectively. So it is desirable to minimize (KxC) factors in both horizontal 
and vertical planes. Minimization of these factors is described in another paper [ 111. This emittance 
growth is basically caused by the angular divergence. Although the mismatch of the Ho beam to the 
ring optics can be completely removed when the angular divergence becomes small, a small emittance 
growth in the stripper magnet cannot be removed. Therefore, when we can tolerate a small emittance 
growth, the two-step Ho injection is very useful. Otherwise, we should adopt the direct H- injection 
scheme and a ring with a sufficiently long straight section. 

It may be worthwhile to examine the feasibility of a split-type superconducting solenoid as a 
new type of stripper magnet. An 8 T split coil magnet with a sufficiently wide gap is now 
commercially available. It may be possible to design a superconducting stripper magnet having a field 
gradient in the coil region that is a few times higher. than that produced by an ordinary iron core 
stripper magnet. In the proposal for JHP, H- to Ho conversion mainly takes place around a point with 
1.3 T, and the r.m.s. angular divergence is estimated to be 0.26 mr when the field gradient is 1.29 
T/cm. Due to the proposed optics the emittance growth K in the stripper magnet is estimated to be 2.8 
and the mismatch factor C in the vertical plane 1.6. If the field gradient is made higher and the angular 
divergence smaller by a factor 3, K will be reduce to 1.4 and C to 1, giving a perfect match. The 
mismatch in the horizontal plane may be easily removed by moving the waist slightly upstream of the 
stripper magnet, since the small mismatch in the proposal for JHP is to be produced by placing the 
waist at the gap of the stripper magnet. Furthermore, if a stripper magnet has a very high maximum 
field, a very steep field gradient and a beam aperture slightly larger than the currently available 
stripper magnet, the applicability of the two-step Ho injection scheme is extended to such a low 
injection energy as the scheme is not applicable at the moment. 

As described in section III, the stripper foil has many bad effects on the beam, Uncontrollable 
beam loss due to scattering is not negligible, especially in the full-energy injection scheme. To avoid 
this difficulty, it has been proposed to use a high-power laser beam instead of a foil [7]. This is a new 
type of two-step Ho injection scheme. The first step involves magnetic field dissociation using a 
stripper magnet; the second step nvolves photoionization using a high-power laser beam. The reason 
why the first step does not use a laser beam is that the cross section of the photodetachment reaction ( 
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H- + hv -> Ho + e ) is very small. This photodetachment reaction has been fully investigated both 
theoretically and experimentally [ 141, and it is known that the cross section has the maximum value 4 

x lo-17 cm2 when the photon wavelength is 0.8 pm. Photoionization during the second step uses a 

two-step ionization ( H”( 1s) + hv -> Ho(2p) and H”(2p) + hv -5 p + e ) instead of direct ionization 

( H”(ls) + hv -> p + e ), since the cross section of the last reaction is also as small as -lo-r7 cm2. 

The cross sections, ors_>2p and o2p_>ton, of the former reactions are both -lo-l5 cm2-and these 
reactions become applicable for charge-exchange injection into a synchrotron when a laser beam with 
-100 kw/cmz as. the power density is available. Actually, in order to cover the usual beam size 

(several mm in diameter) and momentum spread (Ap/p - 10-s) of a conventional injected beam, a 
charge-exchange system requires several commercially available standard lasers. A system using FEL 
(Free Electron Laser) is also applicable and may be advantageous in covering the momentum spread 
of the injected beam, since its intrinsic wavelength spread is fairly large. In any case, these systems 
seem to be quite complex. Because the area around the injection straight section is apt to contain a 
considerably high radiation field, any system installed in the area should be sufficiently tolerant to 
radiation and free from too much maintenance and tuning work which involves directly touching the 
machine. 

VII. SUMMARY 

Two methods are applicable to generate a high-intensity pulsed proton beam for a spallation 
neutron source. One is a low-energy injection and acceleration method and the other is a full-energy 
injection and compression method. The latter method has two options regarding its injection scheme: 
the direct H- injection scheme and the two-step I-I! injection scheme. 

Although full-energy injection is advantageous with respect to the space-charge limit, beam 
loss due to scattering by stripper foil atoms is very harmful. In order to suppress the amount of 
uncontrollable beam loss to a tolerable level, we should, instead, accept some fraction of the injected 
beam being spilled downstream of the stripper foil. This spilled beam is controllable and should be 

carefully treated, since it amounts to several pA and has two components. 
A standard direct H- injection system consists of four components: a stripper foil, a set of 

bump magnets, an inflection magnet system for the injected H- beam and an extraction magnet system 
for the spilled H- and Ho beams. Because the entire injection system becomes considerably long, it 
requires an especially long straight section, as in a racetrack-type ring. 

On the other hand, the two-step Ho injection system does not require such a long straight 
section, since both injected and spilled Ho beams pass through ring magnets without interaction. It 
thus has a very wide applicability to various types of rings. 

Two-step Ho injection, however, has two problems: an angular divergence due to the 
stripping process in the stripper magnet and a mismatch of the He beam to the ring optics. In the case 
of the FODO lattice, the mismatch can be removed by placing the foil between the bend and the 
following quadrupole magnet and setting the bending plane of the stripper magnet to be the same as 
the divergent plane of the quadrupole magnet. 

The emittance growth is based on the angular divergence introduced in the stripping process. 
If the angular divergence is sufficiently reduced, the mismatch at the foil can be eliminated; the 
emittance growth at the stripper magnet can also be reduced to a tolerable level. 

Though the idea to use a high-power laser beam instead of a stripper foil is atractive, it will 
require much development for a complicated system comprising a high power laser or FEL to replace 
a foil, since the foil-hitting probability can be reduced to a tolerable level and the foil does not require 
so much maintenance service. 
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ABSTRACT 
A procedure is given for achieving perfect matching in two-step Ho injection into a DBFO 

lattice. It is at first shown’that the foil should be located between B and,F and the stripper magnet 
should be set so that the bending plane is vertical in order to.make the HO beam match the ring 
optics. Then, the Twiss parameters of the H- beam are determined so as to be convertedto those 
of the Ha beam which matches the ring optics through the charge-exchange process in the 
stripper magnet. It is shown that, though perfect matching at the foil can be achieved, the 
emittance growth in the stripper magnet can not be made to completely disappear. A,,factor K is 
defined as a measure of the emittance growth in the stripper magnet. When C is the mismatch 
factor at the foil, (KxC) is a measure of the total emittance growth during the entire charge- 
exchange process. The (KxC) factor should be minimized in an actual application, resulting that 
a small K as well as a small C will remain. 

I. INTRORUCTION 

When we inject an H- beam into a synchrotron through charge-exchange injection, a two-step 
Ho injection scheme may be applicable, as well as a direct H- injection scheme, if the energy of the H- 
beam is as high as about 1 GeV. Of-the two steps, the first is formation of an Ho beam from the H- 
beam by the magnetic field detachment of H- ions in a stripper magnet. The second step is the 
stripping of, the Ho beam by a stripper foil. The I-I? beam is injected into the foil by passing it through 
the magnetic field of the synchrotron magnets without any interaction. The formed proton beam is 
finally captured in the synchrotron. 

This method has been adopted in LANL PSR. The following two problems have been found 
from several years of operational experience[ 11. One is beam angular divergence due to the stripping 
process in the stripper magnet-; the other is an ion-optical mismatch of the Ha beam with. the ring 
optics at the stripper foil. Both of these bad effects result in emittance growth; a considerably large 
increase of emittance can be’introduced during the entire charge-exchange process. from’an H- to a 
proton beam. The two-step He injection scheme, however, is very widely applicable to various types 
of rings, since a system of the scheme is very simple. This scheme may be very atractive when a 
highly symmetric ring is desirable for some reason, or when many straight sections must be devoted 
to the slow,extraction system ancl/orthe rf system to form extremely short beam bunches like the JHP 
compressor/stretcher ring.: It is very important to understand the full potential of the two-step Ho 
injection scheme. We, therefore, discuss how to perfectly match the beam with the ring optics in this 
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scheme and how much the beam emittance grows as a result. It is also discussed how small the 
emittance growth can be made. 

II. THE MISMATCH FACTOR, C, AND AN H” BEAM MATCHED WITH THE 
RING OPTICS 

Suppose that a beam with Twiss parameters PO, a0 and ‘y. is injected into a ring point where 

the Twiss parameters of the ring optics are a, (3 and y. In this case, mismatching makes the emittance 

of the beam formed in the ring, E, larger than the emittance of the injected beam, r?, by a so-called 
mismatch factor C: 

C = (Poy+y&-2ma)/2, and (1) 
E = CEO. (2) 

If the particle distribution of the injected beam is Gaussian, the distribution tail of the formed beam 
becomes slightly longer than the Gaussian [2]. When matching is perfect, PO, Q and consequently yo 

are equal to p, a and y, respectively, and C reduces to 1. 
We now suppose injection of an He beam into a ring with a DBFO lattice using charg- 

exchange by a stripper foil. The beta-functions of the ring may be like px ( horizontal ) and &, 
(vertical ) indicated by the thin solid lines in Fig. 1. This is an example from the case of the JHP 
compressor/stretcher ring [3]. The stripper foil is usually placed at the point FOIL1 or FOIL2 
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between the magnets. FOIL1 is the location 
proposed in the JHP compressor/stretcher ring [4] 
and FOIL2 is the location adopted at PSR. Beta- 
functions of the Ho beam matching at respective 
foil location are p,(Hol) and &,(Hel) or P,(He2) 

and &,(H”2) shown by thick solid or broken lines. 
As an He beam drifts, even in the field of the bend 
or quadrupole magnet, its beta-function depicts a 
parabola that connects with the ring beta-function 

in such a manner that p(H”) = P(ring) and p’(H0) 

= &ing) at the foil location. Here, the emittance 
growth due to multiple scattering in the foil is 
supposed to be negligibly small, since the beam 
energy is sufficiently high and the average foil 
hitting number can be sufficiently small [4]. As 

Fig. 1 Two Ho beams matching the ring optics at 

the locations of FOIL1 or FOIL2. pX and pY are 
the ring beta-functions in the horizontal and 
vertical planes, respectively. P,(Hel) and 

PY(Hol). U3.(H”2) and p,,(He2)] are also 
horizontal and vertical beta-functions of the Ho 
beam matching with the ring optics at the locations 
of FOIL1 [FOIL2]. 
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can be seen from this figure, beta-functions of the matched He beam depend strongly upon which 
location the foil is placed ( between B and QF or between QF and QD.), .but not so strongly upon the 
difference of the foil location. between the two magnets for each:case.Thestripper magnet is placed 
imediately upstream of the bend magnet ( shown as S.M. in the figure ). 

In order to generate a very high maximum field as well as a very high field gradient, the gap 
of the stripper magnet is considerably narrow; consequently, half of the beam aperture is as narrow as 
5 mm fora currently available stripper magnet. The beam aperture in the bending plane rr~y be taken 
to be sufficiently wide. Thus, when the foil is placed at the FOIL2 location, the stripper magnet 
should be-set with the gap vertical and the bending plane horizontal. In this case, the horizontal beam 
size and, correspondingly, the horizontal emitta&e growth becomes very large in the stripper magnet. 
On the other hand, when the foil is placed at the FOIL1 location, it is necessary to set the stripper 
magnet with the gap horizontal and the bending plane vertical. This is because the vertical beam 

aperture is not sufficiently wide to accomodate the entire beam, including a 50 emittance with a 

considerably large beta-function. For example of the JHP proposal, the 30 emittance of the injected 

H- beam is assumed to be 1.44 rc~mr. Then, provided that the vertical beta-function is 16.69 m, a 

half of the 5cr beam size is 8.2 mm and can not go through the 5 mm wide half aperture. 
Comparing FOIL1 and FOIL2 as the foil location, FOIL2 has a disadvatage in that the beta- 

function p,(H?Z) becomes very large at the stripper magnet. It is therefore better to place the stripper 
foil at the location of FOIL1 . In the JHP case, ring Twiss parameters at FOIL1 are as follows: 

px = 14.84 m, a, = -1.78 and &, = 5.136 m, olY = 0.867. (3) 

We have then following Twiss parameters for the Hc beam at the stripper magnet: 

&(HOl) = 5.348 m, ax(Hel) = -0.709 and &,(Hcl) = 16.69 m, a,(Hol) = 2.17. (4) 

III. MATCHED H- BEAM AND THE EMITTANCE GROWTH FACTOR, K 

The stripper magnet converts an H- beam to an He beam by magnetic field detachment of H- 
ions with high velocity [5] [6]. Because this detachment is a stochastic process, a distribution is 
introduced to path lengths that particles fly as H- ions before being changed to Ho atoms. The angular 
divergence of the beam takes place corresponding to the distribution of angles by which particles are 
bent by the magnetic field while they are H- ions. The angular distribution is well fitted-to a Gaussian 
distribution, and the r.m.s. angular divergence can be estimated from the field distribution in the 
stripper magnet. With the stripper magnet of PSR, the r.m.s. angular divergence is 0.37 mr for an 
800 MeV H- beam. With the same stripper magnet, the r.m.s. angular divergence is estimated to be 
0.26 mr for a 1 GeV H- beam. 

When the r.m.s. emittance and Twiss parameters of the injected H- beam are &, p- and a- in 
the stripper magnet, those of the formed Ho beam at the same location are described as 

where 

&O = ICE-, (5) 

p&IO) = p- / K, and (6) 

a(H”) = a-/K, (7) 

K = SQRT{ I + /3-(A9)2 /a- }. (8) 
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A$ is the r.m.s. angular divergence in the stripper magnet. K is the rate of emittance.growth in the 
stripping process, hereafter called the emittance growth factor. The beta-function of the H- beam that 
is to be converted to an HO beam with a given beta-function p(HO) is derived from equations (6) and 
(8) as follows, 

P- = ( @(Ho) A+)* / &- + SQKT( 1 (p(H”) A$)* / e- I* + 4 [p(H”)]* ) ) / 2. (9) 

Using these equations, vertical Twiss parameters and the emittance growth factor of the H- beam 
(which is converted to the Ho beam matched with the ring optics at the FOIL1 location) are obtained 
as follows: 

PY = 120m, aY- = 15.6, and (10) 

KY = 7.2. (11) 

Since there is no angular divergence in the horizontal plane, Twiss parameters don’t change, and we 
have 

Px- = 5.348 m, ox- = -0.709, and (12) 
K, = 1. (13) 

Although &- is considerably large, the vertical beam size is not so large, since the emittance of the H- 
beam is sufficiently small. There is therefore no problem in forming such an H- bear-n in the injection 
beam line. The emittance growth in the stripper magnet, however, is as large as 7.2. 

It is thus possible to form an H- beam which is converted to an Ho beam matching the ring 
optics at the stripper foil. However, the beam emittance becomes considerably large. As the equation 

(8) implies, K becomes smaller as the beam size becomes smaller. However, if &- is made smaller in 
order to reduce the emittance growth in the stripper magnet, of course, the formed Ho beam becomes 
unmatched with the ring optics and some ernittance growth occurs at the stripper foil corresponding to 
the mismatch factor. 

IV. MINIMIZATION OF THE TOTAL EMITTANCE GROWTH DURING THE 
TWO-STEP CHARGE-EXCHANGE PROCESS 

As can be seen from equations (2) and (5), 

& = (KXC) E-. (14) 

This means that the overall emittance growth during the two-step charge-exchange process can be 
expressed by the factor (kc). It is therefore the minimum (KxC) that indicates the best condition to 
be realized. We should thus select the direction of stripper magnet and form an H- heam in such a 
manner so as to minimize the (KxC) factor. The minimum (KxC) is easily found by calculating a map 

of (KxC) over the two-dimensional plane of p- and a- variables. 

0) When the stripper foil is placed at the location of FOIL1 and the stripper magnet at S.M. with 
the bending plane vertical, the minimum (KxC) in the vertical plane is obtained as 

KYXCY = 4.53, ( KY = 2.84, and Cy = 1.59). (15) 
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The Twiss parametersof the H- beam at the stripper magnet are 
. ..- 

By- = 16.74 m and ccY- = .2.17.’ 116) 

In the horizontal plane, a matched Ho beam can be formed from the ,H- beam with the Twiss 
parameter set (12) without any emittance growth in the stripper magnet. We thus have 

I&xc, = 1, (Kx = 1, and C, = 1). (17) 

0 If the increase in the (KxC) factor is shared by both planes, both of the’(KxC) factors can be 
kept at fairly small values. In the last example, the gap.direction of stripper magnet is chosen to be 
horizontal, since a matched H- beam can pass the gap without any scraping. Conversely, if the gap 
direction is set to be vertical and the vertical beam size is diminished so that So emittance can pass the 
gap without scraping, a remarkably small (KxC) can be obtained in the horizontal (or the .stripper 
magnet bending) plane, although a small mismatch factor is introduced in the vertical plane. The 
result of searching for the minimum (KxC) factor under such a condition is 

K,xC, = 2.13 

KYXCY 
= 1.52, 

(Kx = l&l, C, = 1.18 ), and : (18) 

(KY = 1.00, C, = 1.52 ). (19) 

Here, 

Px- = 5.34 m, a,- = -0.714, and (20) 

Py- = 6.25 m, ccy- = 0.800. (21) 

This set of (l&C) factors is considered to be the minimum atainable by the currenti available stripper 
magnet. 

V. DISCUSSION 

As is shown in section III, when the H- beam is adjusted tin the condition that the stripper foil 
is placed at FOIL1 of Fig. 1 and the stripper magnet at S.M., with the bending plane vertical, we can 
make the HO beam formed at the stripper’magnet or the proton beam formed by the stripper foil 
perfectly match the ring optics. However, under these conditions a ‘considerably large emittance 
growth ( KY = 7.2 ) occurs in the bending plane.of the stripper magnet. If the increase of KxC is 
shared by both the horizontal and vertical planes, emittance growth in each plane can be supressed to 
about 2 ( K,xC, = 2.13, KyxCy = 1.52 ) using a currently available stripper magnet, Conversely, 
this indicates one of the capability limits of the present two-step Ho injection process. Whether such 
an amount of emittance growth is permissible or not seems to depend upon the beam condition 
required for each accelerator. In the case of the II-P compressor / stretcher ring, in order to stack 2.5 
x 1013 ppp_(protons per:kulse) a beam with anemittance &large as 30 xl&r is, formed from a 1.44 

qmr I% beam by beam painting. In such,a situation, no serious problem can be introduced by a few 
times emittance growth during the charge-exchange pro,cess from an H- to a proton beam. Beam 
painting will be slightly influenced-by the emittance growth, because the -beam size used for painting 
becomes about one and a half times larger. When such. a- small emittance-growth does not matter, the 

. . 
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two-step Ho injection scheme is very useful since its injection system is very simple and doesn’t 
require such a long straight section as the direct H- injection system. 

The cause of the emittance growth is the angular divergence, Aq, in the stripper magnet. 

When an Ho beam with a beta-function of p&IO) is formed from an H- beam with an emittance E-, the 
ernititice growth factor, K, is expressed as 

K = ( P(H”)(AN2k + SQRT( [p(H”)(A$)%-12 + 4 ) )/2. (22) 

For an r.m.s. emittance of E- = 0.16 xprnr 

and p(H”) = 16;69 m, the A$ dependence of 
K is shown in Fig.2. This figure shows that 

A$ should be reduced in order to suppress 

the etittance growth. In order to reduce A$, 
it is necessary to increase the field gradient 
of the stripper magnet. A split-type 
superconducting solenoid may be useful for 
this purpose. 

In paragraph (ii) of section IV, an I? 
beam mismatching with the ring ~optics is 
formed to pass through the narrow aperture 
of the stripper magnet in the gap direction. If 
the aperture is expanded to twice the size of 
the currently available stripper magnet, a 
matched Ho beam will be formed in the gap 
direction from an H- beam with the same 
Twiss parameters as those of the HO beam. 

Thus, the angular divergence in the 
stripper magnet represents the basic shortage 
of the two-step Ho injection scheme. 
However, if a small emittance growth due to 
the angular divergence is permissible, the 
scheme will be very useful. The usefulness 
of the scheme should be raised by improving 
the stripper magnet to generate a higher field 
gradient and to have a wider gap. 
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Fig. 2 Dependence of the emittance growth 
factor, K, upon the angular divergence in the 
stripper magnet. p(HO) = 16.69 m, and E- 

(r.m.s.) = 0.16 ~pmr. 

VI. CONCLUSION 

Using the two-step HO injection scheme, an injected beam can be formed so as to perfectly 
match the beam optics of a synchrotron having a DBFO lattice. Then, however, a large emittance 
growth occurs in the same plane as that of the bending of the stripper magnet. In the case of the JHP 
compressor/stretcher ring, the overall emittance growth (KxC) during the charge-exchange process 
can be supressed to about 2 in both the horizontal and vertical planes by adjusting the emittance 
growth factor, K, in the stripper magnet and the mismatch factor, C, at the foil. This is one of the 
capability limits of the present two-step HO injection system. If the stripper magnet is improved to 
have a higher field gradient and a wider gap using such a new technique as the superconducting 
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solenoid, the emittance growth will be made smaller and the two-step HO-injection scheme will be 
more useful. 
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Q(G.H.Rees): For 2 stage injection (H-,H”), have you considered introducing mismatch at the stripping foil to 
reduce subsequent foil transits? 

A(I.Yamane): I have not yet considered. But if we can form a similar beam as the H- beam by the two step 
injection, the situation does not differ so much. I think we can form a similar beam except for the emittance 
growth by the two step Ho injection. Because of the emittance. growth, the beam size becomes a little larger 
and the foil-bitting probability becomes a little larger. 

Q(I.S.K.Gardner): How flexible is the Ho injection compared with the H- injection for the correction of small mis- 
alignments in the linac beam. In the.I@ case will small movements of the beam in the high gradient stripper 
magnet not cause match charges. 

A(I.Yamane): The flexibility in the I-@ injection may be less than in the H- injection. But the difference is not so 
large. The beta-function in the stripper magnet usually is considerably small. So movement of the beam in 
the stripper magnet is considered to be correspondingly small. 
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ABSTRACT 

Two bunched beams are accelerated in the 1A ring of JHF. They are extracted for 

meson experiments and for neutron experiments successively. Therefore, the extrac- 

tion kicker magnet should generate double-pulsed magnetic fields at intervals of about 

lOOpsec, with a repetition rate of 5011~. In order to test the feasibility of generat- 

ing double pulses, we used two sets of thyratron housings and a kicker magnet for 

the KEK-PS-extraction system, which has an impedance of 2552. Using a thyratron 

cathode-loaded system, the first firing induces a second misfire by a rapid voltage drop 

of the second thyratron cathode. A thyratron anode-loaded system does not have the 

above-mentioned trouble, and has succeeded in generating the desired double pulses 

with half of the voltage required for the usual operation of JHF (N8OkV). 

1. INTRODUCTION 

There are two bunched beams in the 1A ring of JHF; their timing during extraction is 

shown in the upper part of Fig. 1. At first, one of these bunched beams is extracted for 

a meson measurement; then, after about lOOpsec, another beam is extracted for a neutron 

measurement. Therefore, the extracted kicker magnet should produce 50Hz double-pulsed 

magnetic fields with an interval of lOOpsec, as shown in the lower part of Fig.1. 

bunched beam 
two bunches 

- 
‘on Lab. 

: i 

Fig.1 Timing between beam bunches and the kicker magnetic field. 
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In order to test the feasibility of generating double pulses, we used two sets of thyratron 

housings and a kicker magnet for the KEK-PS-extraction system, which. has an impedance of 

25R. 

The two systems were designed to generate double pulses. One of them is a cathode-loaded 

system (introduced in section 2). This system works as long as the charging voltage is small. 

Kowever, when the voltage is lager than a threshold value, the first firing induces a second 

firing without any trigger signal. The other system is a anode-loaded system. This system has 

no induced firing and generates double-pulse magnetic fields with an interval of about 100pec 

(explained in section 3). 

2. CATHODELOADED SYSTEM (failure case) 

AS shown in Fig.2, two sets of PFNs and thyratron housings are connected in pa,raJlel to a 

kicker magnet. At first, the thyratron 1 is triggered and the current charged in PFNl flows to 

the kicker and is terminated in matching resistor. After lOOpec, thyratron2 is triggered, and 

another pulse current flows to the kicker. Thus, double-pulse magnetic fields are generated in \, 
\ 

the kicker gap at intervals of 1001.rsec. 

#25 a&& 
, r 

PFN 

t ? 

Thyratron 
Housing (1) 

4 \ 4.. 
(25 a)\ 

4 

(anode) (cathode) - Kicker _ Matching 

H j !’ 

Magnet Resistor 

H.V.P.S.(+) PFN Thyratron 
Housing (2) 

4 (25 n)A 

Fig.2 Block diagram of cathode-loaded system. 

The thyratron in the housing is CX1171 (made by EEV company) and has a three-gap 

tetrode, 120kV peak forward voltage and 3kA peak anode current. Though thyratron2 is 

operated without any trouble ‘at low PFN voltage, induced firing begins to occur upon firing of 

thyratron 1 at a higher PFN voltage than about 12kV. This induced firing of thyratron 2 occurs 

even if the trigger input of the tube is shorted by a 5OQ terminator. Under this condition, the 

magnetic field of the kicker observed by using a long search coil is shown in Fig.3. 

The time difference between the tail of the first pulse generated by thyratron 1 and the top 

of the second pulse generated by. thyratron 2 is about loons. Since this time is equal to the 

time difference from the trigger to the start of current ffow in the thyratron, the mechanism 

of induced firing might be as follows: the current charged in PFN 1 flows to the magnet upon 

firing of thyratron 1. During this stage the cathode potential of thyratron 2 increases suddenly 

to Vpp~/2 and the grid potential of thyratron 2 begins to gradually increase to this value. This 

case shows no trouble, since the potential of the grid of thyratron2 is always lower than that 

of the cathode. However, just after the current passes through the thyratron 1, its cathode 
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We are now making a new thyratron housing for generating double pulses , which has two 

thyratrons (CXll71) separated from each other by a shield wall. Since the insulating voltage 

of the transformers is increased to 80kV, this system can generate double pulses with a PFN 

charging voltage of 80kV. Even if induced firing occurs, a thyratron having a screen grid like 

CX1171D will suppress it, because in this case the grid is effected by the anode potential. 
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Q(M.Kihara): Why do you expect an induced firing even in the second case, when you go to high voltage? 

A(T.Kawakubo): I am afraid of the effect from the charge of the anode potential. 
Q(I.S.K.Gardner): What is the normal operating voltage of the single thyratron cathode loaded system in use on 

the booster synchrotron. 
A(T.Kawakubo): Our design value of PFN voltage is 80KV. but, operating one is 6OKV-70KV. 
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ABSTRACT 
The volume H- ion source has been developed at KEK. The II- beam in- 
tensity was enhanced by introducing a very small amount of cesium va- 
por in the ion source. The extracted H- beam current of 20mA was 
obtained in the cesium-mode operation. The measured 90% normalized 
beam emittance was about lxmm.mrad for 12 mA beam. It was found 
that the workfunction of the cesium covered surface of the beam ex- 
tracting plasma electrode had an important role to enhance the I-I beam 
intensity. 

I. INTRODUCTION 

At KEK, the pulse operated volume H- ion source has been developed 
since 1988.[1] It is aiming for a pulsed H- beam of more than 20mA with. a 

90% normalized emittance of less than 1 A mm.mrad. One of the difficulties 
in operation of the volume H- ion source is its poor efficiency, A relatively 
large arc current is required to obtain an intense beam current of more than 
IOmA. Moreover, the total electron drain current from the ion source 
reaches 100 times of that of the extracted H-beam. 

Kao Leung et al have recently found that the extracted H-- beam current 
could be increased by injecting cesium vapor into the ion source *plasma 
chamber.[2) We have also -observed this cesium effect in our volume H-- ion 
source. The extracted H-- ion beam current was increased more than four 
times of that before injecting cesium vapor and the. extracted H-- ion current 
reached a maximum of 20 mA. The ce._siuni consumption rate was surpris- 
ingly small compared with the surface H- ion source and this may hence re- 
duce the difficulties described above in operation of the ion source with 
cesium vapor. We have made several experiments to examine the cesium 
effect on the volume H- ion source and found that the surface condition of the 
be_am extracting plasma electrode has a very important role in increasing the 
l-l beam intensity in the cesium-mode operation. 

II, CHARACTERISTICS AND PERFORMANCE 

A schematic diagram of the present test apparatus of the KEK volume i-l-- 
ion source is shown in Fig. 1. The ion source consists of a cylindrical 
plasma chamber which is surrounded by SmCo permanent magnets and a 
single hot filament cathode. The length and the diameter of the plasma 

247 



nor our ferrite 1) * 0.027 Wgaussl, Brr the average flux density in the 

ferrite, and 60 ?r ,50 is-the value at Brr * 0. The shunt impedance of the 

cavity at 15 kV is estimated to be 520 Q. 

If we remove the 200pF capacitance at the gap, the shunt impedance of the 

cavity at 15 kV will increase to *800 Q, which is nearly one half of what is 

expected. The peak power in the ferrite amounts to 140kW at 15kV.The average 

power and the power density in the ferrite are * 70 kV and 0.56 W/cola 

respectively. The maximum permissible power density is determined by the 

tensile strength of the ferrite and its thickness. If we assume that the 

temperature at the surface of the ferrite is 300C,the naximum temperature in 

the ferrite is +500C. The maximum tensile stress in the ferrite is * 1.7 

kg/mm’. The maximum tensile strength of the ferrite is *2kg/mm2. Therefore, 

the accelerating voltage of 15kV is a limit for this cavity. 

The leakage inductance of anode windings on the ferrite and the gap capac- 

itance resonated at 10 MHz. To remove this resonance from the accelerating 

frequency range, two O.OlsP capacitors which connect the anodes of the final 

tubes and the accelerating gap are installed at the accelerating gap. 

BEAM CURRENT PICKUP 

The gap which picks up the loading beam current is loaded with amorphous 

core having a large permeability. Because of the large.imaginary part of the 

permeability, it behaves as a 100 R resistor for frequencies above * 500 kilz. 

The input impedance of the cathodes of the final tubes is 10 n. Therefore, 

nearly 90 % of the wall current at the pickup gap flow into the tubes. 

The cathode circuit diagram including the beam current pickup is shown 

in Fig.8.In the diagram the drive rf current source and the wall current are 

connected in parallel. Our test operation was at 4kV which corresponds to a 

drive rf current of 3 A . This means that the final tubes will also be drive 

n by the wall current. 

THE OTHER EtECTRONICS 

We have designed power supplies for the vacuum tube grids”. To reduce 

the power dissipation at the anode,the power supplies for final tube control 

grids have to switch their output voltage from -400V to -200V within several 

10gsec. They have a response of 50gsec. The other power supplies are working 

without any trouble. 

All-pass networks employed in control grid circuits reduce the drive power. 
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ABSTRACT 
The volume H- ion source has been developed at KEK. The I-I- beam in- 
tensity was enhanced by introducing a very small amount of cesium va- 
por in the ion source. The extracted H- beam current of 20mA was 
obtained in the cesium-mode operation, The measured 90% normalized 
beam emittance was about lnmm.mrad for 12 mA beam. It was found 
that the workfunction of the cesium covered surface of the beam ex- 
tracting plasma electrode had an important role to enhance the I-I- beam 
intensity. 

I. INTRODUCTION 

At KFK, the pulse operated volume H- ion source has been developed 
since 1988.[1] It is aiming for a pulsed H- beam of more than 20mA with a 
90% normalized emittance of less than 1 x mm.mrad. One of the difficulties 
in operation of the volume H- ion source is its poor efficiency. A relatively 
large arc current is required to obtain an intense beam current of more than 
IOmA. Moreover, the total electron drain current from the ion source 
reaches 100 times of that of the extracted H-beam. 

Kao Leung et al have recently found that the extracted H-- beam current 
could be increased by injecting cesium vapor into the ion source *plasma 
chamber.[2] We have also -observed this cesium effect in our volume H-- ion 
source. The extracted H-- ion beam current was increased more than four 
times of that before injecting cesium vapor and the. extracted H-- ion current 
reached a maximum of 20 mA. The cesium consumption rate was surpris- 
ingly small compared with the surface H-- ion source and this may hence re- 
duce the difficulties described above in operation of the ion source with 
cesium vapor. We have made several experiments to examine the cesium 
effect on the volume H- ion source and found that the surface condition of the 
be_atn extracting plasma electrode has a very important role in increasing the 
I-I beam intensity in the cesium-mode operation. 

II. CHARACTERISTICS AND PERFORMANCE 

A schematic diagram of the present test apparatus of the KEK volume I-I-- 
ion source is shown in Fig. 1. The ion source consists of a cylindrical 
plasma chamber which is surrounded by SmCo permanent magnets and a 
single hot filament cathode. The length and the diameter of the plasma 
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chamber are about 160mm and 1 OOmm, respectively. A pair of SmCo per- 
manent magnets, which make a dipole magnetic field, a so called virtual 
magnetic filter, are placed at the the outside of the plasma chamber and 
close to the plasma electrode. The magnetic field becomes maximum at the 
anode hole. Through the experiment, a single hole of 7Smm in diameter 
was used as the anode aperture. 

A helical coil shaped LaB6 filament is used as a hot cathode and it is at- 
tached on the molybdenum supporting rods which are cooled by water. The 
operating temperature of the filament is about 14OOOC and the lifetime is 
more than several hundred hours. 

Table 1. Typical operating parameters of the KEK volume H- ion source in 
cesium-mode operation. 

ARCCURRENT lOO-200A 
ARC VOLTAGE 120-15ov 
FILAMENT CURRENT 70-80A 
HYDROGEN FLOW RATE 15-20sccm 
BEAM EXTRACTION VOLTAGE 30-40 kV 

Cesium vapor is injected into the plasma chamber from the outside res- 
ervoir through a heated feedthrough. The high temperature valve, which 
can be closed to stop the cesium feeding immediately after the H-- ion beam 
current is increased, is located between the ion source and the reservoir. 
The reservoir temperature is normally 200-250°C. 

Typical beam extraction energy is about 30-40 keV. In order to reduce 
the enormous amount of electrons extracted from the ion source simultane- 
ously with H- ions, a pair of small permanent magnets making a dipole field 

I 
water 

Fig. 1 Schematic di agram. of ,the KEK volume H-, ion source. 

pcnnanem magnet 

permarten* magnet ( virlual magnetic filter ) 
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Fig.2-a H- beam waveform before in- 
jccting cesium vapor. Vertical axis: 1 
mA/div. Horizontal axis: 0.1 msec/div. 

at the beam extraction hoint are 
placed. The maximum field 
strength of this dipole magnet is 
about 300 gauss. The beam can 
be focused by an einzel lens placed 
about 20 cm away from the ex- 
traction electrode and the another 
pair of small permanent magnets 
are also p ut at the front of the 
einzel lens to sweep out the elec- 
trons completely. In table 1, typi- 
cal operating parameters of the 
cesium-mode volume H- ion source 
are summarized. 

The extracted H-- beam inten- 
sity is dramatically changed by in- 
jecting cesium vapor into the 
plasma chamber. Figures 2-a and 

Fig.3Optimized H- ion beam current. Vcr- 

tical axis: 5 mA/div. Horizontal 

2-b show the typical H-- beam wave- 
forms before and after the cesium yapor is injected, respectively. In these 
figures, the total drain currents(H- + electron) from the ion source ‘are also 
shown. The H-- beam current is increased -from 3mA to 12mA and on the 
other hand, the total drain current is decreased from 350mA to 100 mA. By 
optimizing the various parameters of the ion source after the cesium vapor is 
injected, the H- ion beam current was increased to 20mA as shown in Fig. 3. 

The cesium consumption rate was very small in operating the ion source. 
For example, once the beam intensity was increased after opening the valve 
for the cesium feed line, it kept almost constant for several ten of hours even 
when the valve was closed. 

Fig.2-b H- beam waveform after injecting 
cesium vapor. Vertical axis: 2 mA/div. Hori- 

zontal axis: 0.1 msec/div. 

The beam emittance was also measured before and after the cesium in- 
jection. The magnitudes of beam emittance were little different before and . 
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after the cesium injection when the beam intensities were not so large. How- 
ever, the beam emittance substantially increased to 1 rrmmmrad when the 
beam intensity was increased to 12 mA. This may be explained by emit- 
tance growth due to a space charge force in a pulsed beam whose pulse 
width is too short for a complete space charge neutralization by positive ions 
generated in ionization of the residual gas. 

We have measured workfunction changes of the plasma electrode before 
and after the cesium injection. The workfunction change was measured by 
detecting the photo-emission electron current which is generated by a single 
mode Ar ion laser beam@= 514Snm). We found that the workfunction kept 
decreasing for long time during the operation of the ion source even after the 
valve of the cesium feedline was closed. This may relate to the fact that the 
cesium consumption rate is very small. 

In order to examine which surface, the plasma electrode surface or other 
wall surface, is most effective in generating H-- ions when the cesium vapor 
is injected, we cleaned the plasma electrode surface only by Ar ion sputter- 
ing. Before the Ar ion sputter cleaning, the H-- ion current was 12 mA, 
however, it decreased to about 3mA just as before the cesium injection and 
the photo-emission electron current was also disappeared after one hour 
cleaning. Thus the plasma electrode surface seems to affect very much on 
the enhancement of the H-- ion production in the cesium-mode operation. 

III. Summarv 

It was found that the characteristics of the ion source changed dramati- 
cally by injecting the cesium vapor into the ion source. More than four 
times more H-- ion beam current was extracted after the cesium injection 
and, nevertheless, the cesium consumption rate was very small. By the 
workfunction measurement with a photo-emission electron technique, it was 
also observed that the surface condition of the plasma electrode played an 
important role in the cesium-mode operation. 

(REFERENCES) 
(l)Y.Mori,A.Takagi,K.Ikegami,S.Fukumoto; 4th Int. Symp. on Production of 
Neutralization of Negative Ions and Beams,BNL ,1986, AIP conf. 
series,page378. 
(2)K.N.Leung et al;Rev.Sci.Instr.$O( 1989)53 1. 

Q(I.Yamane): What is the energy of the H- beam in the last figure? If the energy of the H- beam is increased, does 
the emittance growth decrease? 

A(Y.Mori): The beam energy is assumed to be 30KeV. The emittance growth can be reduced by increasing the 
beam energy. 

Q(A.Noda): Have you ever studied about the effect of Cesium introduced into Volume production ion source to the 
, break down voltage in the following accelerator? Does such voltage not go down? 

A(Y.Mori): Very small amount of Cesium consumption is enough for increasing the H- beam intensity, therefore, 
it might not necessary to worry about the break-down in a post-accelerator. 

Q(l.S.K.Gardner): What is the current density at the output of the H- source before and after the cesium addition. 
A(Y.Mori): The H- beam current density was -lO@/cm* before Cs injection and -@.tA/cm* after Cs injection. 
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ABSTRACT. _’ 

Since 1988 we have been constructing a new accelerating system for the 

KEK PS Booster. The system cancels the beam’loadihg effectli. The system 

test operation result is reported. Our analysis on the beam: joading effect 
‘. 

is also described. 
‘_ ‘. 

MECHANISM OF .THE LOADING INSTABILITY Ob RF SYSTEk ’ 

We have studied the of the beam loading instability mechanism of the rf 

system by the method describedein Ref.2). The 

which is used for our analysisa), is shown in 

feedback loop and the cavity phase lock loop 

Ref. 2). ’ 

block diagram of the rf system, 

Fig. 1. Where the radial beam 

are added to the diagram -i.n 

The instability threshold of a rf system having a -low-Q cavity_. is shown 

in Fig. 2, where the horizontal scale is the transient loading angle cpc, the 

vertical axis is the relative loading I) Y ‘ti ,IB/&, IB and 1,. .are’ the’ beain 

current%-and-drive rf current -respectively. The. gains of- the feedback loops 

in the system are written in the diagram. We used the word transient loading 
. . 

angle, because a tuning loop-in the rf. system keeps- the- angle,around $pi * 0. . 

” The threshold of the instability is Y = 2 * 3 . 

We calculated the values of, the.-cavity. transfer.functions,. under a loaded 

condition.The variation of the cavity transfer function for phase modulation 

is shown in Fig.S.The values are evaluated at a low phase modulation frequen- 
‘. 

cy. For higher beam loading, the cavity transfer function reduces the value. 

Above a threshotd, the value becomes negative. The beam-loading instability 
. . I .,i.. ‘_ I 1 

mechanism” is explained ‘by this effect. That”&; the loading effect changes 
. .: 1 i ._i 

a negative feedback ioop in-the rf system to a positive feedback. ‘-. ! 

The instability limit in Fig.2 is calculated by the Routh-Hurwitz criteri- 

on. Therefore, one must operate the rf system lower than the predicted-value. ., L 
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On the basis of the knowledge of the loading instability mechanism, we 

ignored the effect of the cross coupling of the loops*‘, and calculated the 

critical darpiug limit of the beals phase loop. The characteristic equation 

of the phase loop is given by 

( s* + s~,Gppg + OS’* )ub = 0, (1) 

where s is the phase modulation frequency, ub the bean phase, nP the loop 

gain of the phase loop, 0s’ = osdl + G~~~CRR the synchrotron frequency 

shifted by the radial bean feedback, and Gppg the cavity transfer function 

of phase modulation. If we neglect higher order terms in s, it is written as 

G DDg = 1 + Y*cos*h(sin @B - cos @B*tan CPZ 1, (2) 

where $2 is the impedance phase angle of the cavity, and f&B the synchronous 

phase. They are defined in Ref. 2) and 3). 

The damping factor of the system of Eq. (1) has to be greater than l/a 

for damping. That is, (&,G,,~)/(~u~‘) > l/a. Therefore, we get 

xt 1 t Y*cos*$z l ( sin $48 - COS @) *tan I#J~ )) ) a- , (3) 

where x is the relative loop gain of the phase loop defined by 

RD QD 
X z-t . 

OS ’ 
Pl) 

OS fi + CRR 

The denoninator is the synchrotron frequency shifted by the radial fecd- 

backs’ . For a norsal rf system, where @L = 0, we get for the stability, 

1 x tan @e x2 tan*@8 X 
Y< { + t-- 

242 
1 1. (5) 

cos @tl 8 2 

In the case of no acceleration @B = 0, we get from Eq.(s), 

For a syster which employs a feedforward conpensation3*A), where inped- 

ante phase angle of the cavity $2 is adjusted to zero. Hence from Eq.(3), 
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The system is critically, damped,. if x > 42. The feed,forward contpensation is 

a powerful method- Note,however,that the anode dissipation of the final ..tube 

in the power amplifier increases by several factors. 

The critical-damping liPlit of the system given by Eq.(3) and is shown in 

Pi.g. 4.. The critical damping limit is far less than the threshold given .by 

the Routh-Hurwitz criterion .(Fig..Z) . . 

THE TEST RF SYSTEH FOR THE KEK PS BOOSTER 

Our test rf systels picks up the wall’current upstreain of the accelerating 

cavity and is fed in to the accelerating cavity ‘via the cathodes of-the 

final vacuum tubes installed near the cavity. The current has the opposite 

polarity to the loading current, therefore;the loading effect at the ,cavity 

is cancelled. I. 

The power dissipation at the anodes of the final tubes is the same value 

as that of feedforward compensation. The current accelerated by the system 

is determined by the specification of the the final tubes. In,our case the 

final tubes are_ two 4CW50,000E(.Eimac) connected inparallel. .The.parallel 

connection is employed,. because of its higher maximum current and trans- 

conductance. A circulating beam current of 3A will be accelerated by this 

system. 

TEST OPERATION OF CAVITY AND POWER AMPLiFtER 

The test. operation -of the cavity voltage , is liaited to, 4 kV, beca.us.e :of 

the discharge, at the ferrite support mechanism made of FRP.The rf voltage at 

the accelerating gap and the .ph,ase -error of the tuning;system .are shown in 

Fig, 5. The setup of &he system is shown in Fig.6. The bandwidth_ of the_ aut 

omatic tuning system is.+ lktfz. ~ I 

24 ferrite disks with outer diameter of 620 mm are installed in the acccl- 

era,ting cavity, with a permeability of 250. ,The estimated shunt impedance of 

the cavity is 1.5 kfi at an accelerating voltage of 15 kV. :: 

The measured impedance is only 1.2 kn at 4kV. The impedance is calculated L 

from the measured cathode current. The quality factor of the ferrite-is far 

less than the expected value.. The equivalent circuit of the cavity is shown 

in Fig.5. The Q-value-of a ferrite changes with aagnetic flux density in the 

ferrite. 

: 

., _ ‘ ,. 

253 



For our ferrite w * 0.027 Cl/gaussl, Brr the average flux density in the 

ferrite, and Q0 2 50 is the value at Brr * 0. The shunt impedance of the 

cavity at 15 kV is estinated to be 520 n. 

If we remove the 200pF capacitance at the gap, the shunt impedance of the 

cavity at 15 kV wilt increase to GO0 Q, which is nearly one half of what is 

expected. The peak power in the ferrite amounts to 140kW at 15kV.The average 

power and the power density in the ferrite are * 70 kV and 0.56 W/cm3 

respectively. The maximum permissible power density is determined by the 

tensile strength of the ferrite and its thickness. If we assume that the 

temperature at the surface of the ferrite is 300C,the maximum temperature in 

the ferrite is *500C. The maximum tensile stress in the ferrite is + 1.7 

kg/mm*. The maximum tensile strength of the ferrite is *Zkg/mm”. Therefore, 

the accelerating voltage of 15kV is a limit for this cavity. 

The leakage inductance of anode windings on the ferrite and the gap capac- 

itance resonated at 10 MHz. To remove this resonance from the accelerating 

frequency range, two O.OlpF capacitors which connect the anodes of the final 

tubes and the accelerating gap are installed at the accelerating gap. 

BEAM CURRENT PICKUP 

The gap which picks up the loading beam current is loaded with amorphous 

core having a large permeability. Because of the large.imaginary part of the 

permeability, it behaves as a 100 n resistor for frequencies above * 500 kilz. 

The input impedance of the cathodes of the final tubes is 10 R. Therefore, 

nearly 90 Sr; of the wall current at the pickup gap flow into the tubes. 

The cathode circuit diagram including the beam current pickup is shown 

in Fig.8.In the diagram the drive rf current source and the wall current are 

connected in parallel. Our test operation was at 4kV which corresponds to a 

drive rf current of 3 A . This means that the final tubes will also be drive 

n by the wall current. 

THE OTHER ELECTRONICS 

We have designed power supplies for the vacuum tube grids”. To reduce 

the power dissipation at the anode,the power supplies for final tube control 

grids have to switch their output voltage from -400V to -200V within several 

10Bsec. They have a response of 50gsec. The other power supplies are working 

without any trouble. 

All-pass networks employed in control grid circuits reduce the drive power. 
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-In ordir to.&, the; desired- freq&cy respmde,.the ‘careful adjustment of the 

inductances in the networks was necessary. 
. . 

CONCLUSION . 

The improvement of. the ferrite stacks will be finished within 1990.‘ In 

order to increase the shunt iapedatice, the capacitance at the accelerating 

gap has to be. removed. Further experiments are necessary to increase the 

accelerating vojtage. 
‘. 
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Fig. 1. The Block Diagtar of The RF Syster Used for The Analysis. 
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Fig. 2. The Stabilily Limit of The System Raving a Low Q RF Cavity. 
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Fig. 4. The Critic-al Damping Limit of The Phase Loop. 
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Fig. 5. Upper:Phase Detector 

Output inTuning LOOP. 

(20deg/div). 

Next;The Gap Voltage 

(4kVAmplitude). 

l_,ower;The BiasCurrent. 

(SOOA/div). 

Horizontal: 3 msec/div. 

Fig. 7 
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Fig. 6 Block Diagram of The Test System. 

Gap Fig. 8 Equivalent Circuit of Wall Current Pickup. 
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Q(Y.Mori): What happen in the ferrite situation if you can not assume a homogenity of the ferrite quality? 
A(S.Ninomiya): I think that c&r f&rite is hqmogeneiis. 

-. 

1 - 

’ : 

. 

‘. 

. . 
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SUMMARY of the Session; on "Topics of High- Intensity Acce-lerator 
'. Technology" 

: 

Kihara (KEK) 
. 

., 

:_ ‘. 

“ 

G H Rees @AL) and M 

'TOPICS,of High Intensity Accelerator Technology' were discussed at. one of the 
parallel sessions on the afternoon of Thursday, 25 October. During the four 
hour session, there were eight formal talks followed hy questions, and one 
short informal discussion on, stripp,ing foils and injection 'painting' 
techniques. Reports relating to the eight talks are included in the conference 
proceedings and the-afternoon programme was as shown> but with the informal 
discussion.included between the .items A-12:and A-13: 

A-S 

A-9 

1 

T Suzuki; Revie; talk on beam =instability.at low energy.. 

A-10 

R J Macek; Improvements to intensity-at the Los,Alamos 'Proton Storage 
Ring. 

G I Batskikh', B P Murin, A.P Durkin, 0 JL Shlygin and-I F Shumakov; High 
power 'Regotron-type' microwave generator for intensiv.e technol.ogical 
accelerator. 

A-11 

A-12 

I'Yamane; Treatment of Ho and H- beams spilled at the stripper foil in 
the full energy charge exchange inj.ection scheme. 

I Yamane; Perfect matching for the two-step Ho injection into a ring 
with a DBFO lattice. 

A-13 T Kawakubo', S Tazawa, Y Arakida and S Murasugi;.Systems for generating 
double pulse magn-etic fields in a kicker magnet. 

A-14 Y Mori; Intense negative ion source. 

A-15 S Ninomiya'; S Tazawa, Y Yoshii, M Toda and T Katori; Present status of 
the test RF system for the KEK PS Booster. 

O = speaker 

These topics cover a wide range and will be discussed, separately instead of in 
a general-context. Only brief comments-are given, as the details are available 
in the separate reports. 
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I. T SUZUKI; REVIEW TALK ON BEAM INSTABILITY AT LOW ENERGY 

The review talk covered the relevant beam instabilities for low energy circular 
accelerators. Two areas were identified as being still not fully understood 
and these areas are the longitudual microwave instability and the basic 
transverse space charge limit for a ring. For the former, the intability 
threshold and growth rate is usually estimated from assumed values for the 
total ring impedance. (It is the opinion of one of the session chairmen (GHR) 
that an estimate for the total ring impedance is insufficient and that 
estimates for the individual ring impedances are required.) For the latter, 
the basic transverse space charge limit is found to vary widely for different 
rings, with typical values for the maximum tune depression in the range 0.25 to 
0.6. More elaborate space charge codes are required to study the effect in 
more detail. 

II. R J MACEK; IMPROVEMENTS TO INTENSITY AT THE LOS ALAMOS PROTON STORAGE RING 

A factor of 4.6 improvement in percentage beam loss has been achieved over the 
last two years, following careful experimentation and development. 
Miscellaneous improvements have contributed a factor of 1.4, the use of 
'off-set' Ho injection a factor of 1.7, the use of a 'postage stamp' stripping 
foil a factor of 1.5 and a change in the betatron tune a factor of 1.3. The 
present stripping foil has a thickness of 200pgm/cm2 and this gives a 9% loss 
of unstripped beam, which presents no problem, as it is directed to a shielded 
external beam dump. Average extracted proton beam currents have now reached 70 
@ and, at this level, the internal loss is approximately 0.5 @. This is 
considered to be an upper limit for hands-on maintenance of components, and so 
further improvements are needed before proceeding to higher intensity. A 
number of suggestions have been made for possible improvements but scheduling 
and funding dictate the plans and rate of progress. All wished the PSR group 
future success. 

III. G.I. BATSKIKH ET AL; HIGH POWER "REGOTRON-TYPE" MICROWAVE GENERATOR FOR 
INTENSIVE TECHNOLOGICAL ACCELERATOR 

A new very high power microwave generator is under development for power source 
evaluation in relation to a 300 mA linac, needed as a "burner reactor" for the 
transmutation of long lived radionuclides. Under development at the 
Radiotechnical Institute, Moscow, is a pulsed model at 3000 MHz to provide 3.5 
MW. Performance figures have also been calculated for CW power sources at 
frequencies of 350, 600 and 900 MHz. Planned for the linac are the use of the 
600 MHz units at a 6 MW power level and a 70-80% efficiency. Initial klystron 
(or magnetic) bunching is utilised and there are a number of pairs of active 
and passive cavities for power 'take-off'. 

IV & V. I YAMANE; STUDIES OF Ho AND H- INJECTION FOR JHF 

The relative advantages of Ho and H- injection have been considered for the JHF 
project and an optimised Ho system has been evaluated in detail. There are 
many fewer hardware components for the Ho system and the straight section 
requirement is thus much reduced. This led to its choice for use with the 
original FODO storage ring lattice. However, a new racetrack lattice has now 
been evaluated which allows the inclusion of both an Ho and an H- injection 
system. This appears a wise precaution for there is some emittance growth with 
the Ho scheme and there also appears to be more flexibility for painting with 
the H- beam. A detailed comparison of 'painting' procedures for the two 
schemes is next required. 
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VI, INFORMAL DISCUSSION ON STRIPPING FOILS AND PAINTING 

Descriptions were given of the stripping foils used or proposed at PSR, INR 
(Moscow) and RAL. The "postage-stamp" type foil used at the PSR consists of 
two 100 ygm/cm * foils supported on a backing of 4-5,&carbon fibre wires; the 
technology is a spin-off from SD1 research. Foil shrinkage ultimately leads to 
breakage. Research at INR is directed towards the development of a different 
type of graphite foil, formed by glow-discharge cracking. RAL ,has undertaken 
some development for a TRIUMF foil requirement. An A1203 foil of ,lOOpgm/cm* 
is first made which is supported on three edges. Then the foil is separated 
from part of the rear support,and folded to make a foil with two unsupported 
edges. Removing stress from the foil is very important and initial studies 
appear promising. Finally there was a brief discussion on the possibilities 
for correlating the beam distributions in the different phase ulanes by the 
choice of the 'painting' procedures. 

VII. T KAWAKUBO.ET AL; SYSTEMS FOR GENERATING DOUBLE PULSE MAGNETIC 
KICKER MAGNET 

FIELDS IN A 

The JHF has a requirement for its storage ring kicker magnet to extract 
separately the two circulating proton bunches. The interval between these two 
extractions is approximately 100 ps. The method adopted has been the feeding 
of the kicker from two separate thyratrons; cathode and anode loaded systems 
have been compared. The cathode system was found to give mis-firing but the 
anode loaded system has worked successfully at half the voltage levels requkred 
for the JHF. Next, a full voltage system is to be tested. 

VIII. Y MORI; INTENSE NEGATIVE ION SOURCE 

The JHF I GeV linac requires a low emittance, low caesium level ion source beam 
to feed its injector RFQ linac. The low caesium level is to prevent 
contamination of the surfaces of the RFQ. A volume production source has been 
under study using a permanent magnet cusp field and a long lifetime La B 
filament operating at 1400°C only. The source has been found to give a few TRf( 
output H- beam'when no caesium is used and an increased beam by a factor of 4 
or 5 for a low level of caesium. The physics of the source has been under 
study and laser dzagnostics have been used for surface work function 
evaluation. Studies will continue in order to establish whether the 'H- 
enhancement is a surface or a plasma effect. The source is found to have a low 
emittance at its exit, but next to be evaluated is how to preserve this low 
emittance in the subsequent beam transport. 

IX. S NINOMIYA ET AL; PRESENT STATUS OF THE TEST RF SYSTEM FOR THE KEK PS 
BOOSTER 

Detailed studies .had been undertaken of the RF control loops, including the 
coupling effects due' to the beam loading. It had been concluded that 
feed-forward beam compensation was required, 'and a direct beam feed-forward 
system had been developed. The system had been found to reduce the effect of a 
cavity parasitic resonant mode. Also studied had been the effect of a 
reduction in the cavity Q at the top operating frequency and estimates had_ been 
made of the resulting temperature gradients in the cavity ferrite. 
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ABSTRACT 
Theoretical and applied aspects of a beam current increase i.rr 

i 0 1-1 1 inacs k*y u s i ri 3 suye~-~conbucting s 0 1 e I-I o i d focusing are 
considered.Results of the SIU-1 experimental RF proton accelerator 
deve 1 opmeri t and testing are presented.The main accelerator 
parameter are : the 1.5 MeV energy , t h e 1.75 MeV/m acce 1 erat in3 
rate, the _Z~~t~~) MHz operating f requericy. 

I. INTRODUCTION 

The main restriction of a beam current in low-energy RF iori 
accelerators is the C:oi_tlomb particle repulsion. Simultaneous 
achievement of acceleratiny and focusing fields h i 3 ti values is 
necessary to compensate for high-current Beam Coulomb fields. This 
can he realized i n t ti e accelerating- f ecus in3 system with a 
resonator placed iriside the focusing solenoid [II= According to 
estimations, the heam current limit by trarisverse C:oulomb 
repiulsion may Le increased up to several amperes and higher hy 
usirig the superconducting f 0 c u s i I-I 3 solenoid with iriduction of 
7 . ..8 T Cl]. 

Deve 1 opmen t of art acceleratirir structure with minimum 
transverse dimensions is necessary to achieve a high value of a 
b earn current . The RF accelerating channel has to provide h i 9 h 
values of ttie beam current limit by longitudinal Coulomb replulsion 
arid the capture efficiericy.It is necessary to realize the required 
accelerating field distribution along the accelerator ’ axis u rt d e I-- 
high resonator tIeam loading conditions, 

Use. of the the strong magnetic fields for beam f ocusiry 
requires solution a number of specific problems. .First, one needs 
to solve the beam injection problem into the strong mag-iet ic 
field. The resonator electrical insulation and the i on irij ector 
operation are affected hy the above mentioned magnetic field. 

The main results of these investigations with application to 
the SICI-1 linac desi3n are hr-iefly descr-ihed helow. 
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IL-. BEAM DYNAMICS ASF’ECTS . . 
I : 

In the accelerat,ing .structure of tbi,s accelerator :type 
s-ho.uld use, the beam adiabat.ic bunching ,with carrying. out of 

one 
the 

bunch quasi-stationary conditions during the bunching. The bunch 
quasi-stationary -conditions allow to conserve ‘the space-charge 
density distribution in the bunch and to simplify the beam 
matching with an accelerating-focusirig system. : 

It can be shown that expressions for the amplitude E of 
m 

accelerating wave and the, synthronous phase 
Q 

providing the 

bunch quasi-stationary conditions, are the following 

COSQ~=~ C1+6-‘expC-?)I -*; E,/EmO= 1+-6Ce%pc-1 j ; 

where 6 = (l~/Z-1~~,1) << 1, c = qE the 
mo 

z/2W , q is 
PO 

par‘ticle 

charge, z is the longitudinal coordinate, Wp. is the synchronous 

particle energy. The variables. with indexes “0” an+ “f” car?es$ond 
to the bu%zher beginning and the’ bunchqr end accordingly. 

The ‘buncher length Lb. relates to th.e limiting capture 

efficiency k ,= by the following equation 

2W 
Lb = - =O c 1 

q Emo’ 
- rrCl-kcj21 lr~En~l-kcj2tg~~ftg(cpp,/Z)1. 

: 

The large buncher le.ngth is necessary to achieve a ,high value 0.f 
the capture efficiency in the adiabatic buncher with the bunt h 
quasi-5tationary conditidns exaci; carrying out. For example, the 
bunkher length is equal to 1.15 m for k = 95 X, when W = 100 keV, 

f SO 

E = 1 MU/m, lo=,l= 45*. 
mo 

1.t is necessary to +efuse from continuous conservation of the 
bunch quasi-stationary invariants along the buncher axis to 
shorten the buricher length. An approximate satisfiability of the 
bunch quasi-station-ary col-tditions is possi&le for the bctncher with 
1 inear change of the accelerating wave amplitude and the 
synchronous I’n this adiabatic buncher iti is possible to use 
I pso I = 90’~ha?~~e buncher length and the accelerating wave 

amplitude rising are calculated on basis of the equality 
conditions of particles small phase oscillations frequencies and 
the separatrixes geometric, length for the blencher input ’ and the 
bunktier output : . 

5.4 w E 13 
L, = 

SO mf sf 
3 -= 

‘I E E 
mo mo /3 

SO 
sin IUDP, I’ 

where fis is the normalized velocity of a synchronous particle. 
i 
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In general , ttie RF acceleratiny c h an n e 1 contains the 
adiabatic huncher aI-Id the acceleration section, WhEI--E the 
acceleratin3 wave amp1 i tude an d the synchronous phase remain 
constant. Supposing that the beam current limit is defined kiy t h e 
adiabatic buncher end and the b un c h phase len3th is equal to 

‘IPJ, we have that the beam cuFr-ent limit by the 1 0 n 3 i t u cl i n a 1 

Coulomb repulsion is equal to 

il 

I 1.3 < PO, Psf> =Rb = h [ - np 1 1 53 0 7 

where R 
b 

is the beam radius, h is the operating wavelerrgth f 

ci\ = 27X/h, Q is t h e cyclic frequency of t tl IEL lonqi tudinal 
oscillations, IO is the characteristic beam current, c is the 

speed of light. 
In the SIU-1 experimental proton accelerator t ti e adiabatic 

tunchinq has Been used i 1-t t he accelerating field with 1 i n ear 
r i s i 1-1 g an d t h e bunch quasi-stationary conditions approximate 
carrying out. The channel characteristics are the following : the 
lc7w injectian energy i 100 keV ), t h e high accelerat in3 rate 
( 1.75 MeV/m 11. The main channel parameter-s are : E 

mo 
= 1 MU/m, 

E =3.7 M\J/m, p =-9(>“, psf=-~50, fib= 5 mm _ For the5.e 
mf 

parameters 
SO II 

we have L = 0 ‘56 m, kl = 0.7 MeV, I = 2.5 A when k =1.5 m, _ I-_* The 
b cf 

bunch quasi-stationary conditions disturbance is order 25 % in the 
SIU-1 Buncher.The 3ap coefficient is colnstant a 1 0 1-1 g t i-1 e 

arcele~rating channel . axis and is equal to 2/3, t h e f ielci 
nonuniformity parameter along a channel aperture 2rra/(3 P. = 2.1, 

so 
that carresponds to the aperture Iradius a = 7.5 mm. 

Numerical simulatians of a beam 1 0 n 3 i t u d i I-I a 1 dynamics 
indicate that the beam current limit is equal to 2.7:~ A, t i-l e 
capture efficiency achieves 96 X for the heam curl-ment of 1 A. 

To estimate a matching magnetic field the following r e 1 a t i 0 n 
can he used 

where m is t.he ion mass, I is the peak beam c u r-r-en t , V 
0 b 

is t h e 

beam ncirmal ized emi ttance . 
The magnetic field value has also to provide a small value of 

the heam Coulomb par-ametelr 

c I/2 

h = Ic/u~~~=I~V~ , where w” = CeB/Zm j2 - d/2 . 
I‘S 0 3 

The estimations and numerical simulations of a beam dynaq i c 5 
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indicate that magnetic fields of 5 . . . . 7 T are nqessar-y to facus 
the beam with the current density of about 1. A/cm and the phase 
density of several A/cm mrad for- A = 1.5 pm 

During the beam injection into the magnetic field the 
particles longitudinal energy decreases in accordance with the 
relation 

AW = - 9 
8 m 

0 
where 1% is the distance to the solenoid axis. 

For Brillouin beam the energy reduction is defined by 

. 

AW/W = - 2l//33I . 
S 0 

In addition to the energy reduction, the non-Bri 1 louin Beam 

has also an energy spread. 
in practice, to reduce these effects it is necessary to use 

an 20-30 % i I-I j e c t i 0 ti energy increase i n campari son with a 

calculating value. 

I II. ACCELERATING STRUCTURE 

Combination of small transverse sizes, low sensitivity to 

strong beam loading, capability of #uniting t h e large number of 

accelerating yaps and high value of an accelerating field can he 

reached in the opposed vibrator resonator { OUR 1) {see Fig.1). 

INJECTOR, SOLENOID, 

RF POWER 

TO VACUUM PUMPS BEAM DIAGNdSTICS 
Fig.1. 

The 13VR can Be considered a5 a system of the coup 1 ed 1 ine5 

, 
265 



loaded by the lumped elements. 
One can show that the structure dispersion equation is ‘of the 

f 0 r-m 

klC.1 + /-. 1 + x )/‘Ii = n/2 i acosp - (sCOS2~, 

where k is the wave riumbe+ in fr-ee space, p is the ri o r-ma 1 wave 
phase advance per the 1 length structure section. Here cx and f3 are 

the distributed art d lumped coup1 irig coefficients, x is t l-i e 
capacitance loading coeff irierit. 

In ttie lowest passbarid the rekonarice conditiori of t ti e OVR l 
corisisting of N sktioris, is .p = rim/N,, m = 0,l 1.‘=3 N. T o g e t h e I’- 
with the large handwidth, t h e small 1-i i_lrnh e r 0 f modes f 0 P the 
r-esoriatorm, consisting of ttie great riumber of accelerating cells, 
d e f i ri e s good modes separat ion i 1-i the BVR , and 9 l-i e 1-i c e , low 
sensitivity to strorig beam loading. By means 0 f r e s (3 t-i a t o r s e c t i o 1-i s 
d e t i_lr~ i ri 12 , various accelerating wave amp 1 i t ude 13 i s t r i b 1-1 t i 0 ri s a r e 
po’ssible in the WR, in particular, ari increasirig law, which is 
needed to real i ze beam adiabatic ki_irich irig and to achieve chaririel 
eqi_tal electrical irisi_tlation -of the accelerating channel. 

The resoriant wavelength of the IX/R operating mode is equal tn 

22 
r 

A = -__ C 1+ 
N 

_$/Gz dz ) ( 1 + ; is(c(i+ f3>) f 

P 0 

w h e r e .Z I is the resoriatov length. 

The OVI? resonant frequericy is determined kty longitudinal 
sizes at-id capac i tarire loadirig of the resoriatore, I-7ather t t1 al-i its 
diameter.. The DVR diameter is mainly deter.mined by e~lectrical 
insulation requirement of the structure. 

A tiigti vali_te of the accelerating wave cari be achieved in t fl e 
WR . At the c tianri e 1 axis the accelerating wave amp1 i tude is 
trelated to ttie maxiimium electric field at ttie drift ti_(hes si_trf aces 
ESas follows [2] : 

E = 
Eskgcos(nk /2j 

g 
n 

10[na/h + n (1 - kg:)/2 ] ’ 

where ti is t ti e arce 1 erat irig cell 1 e ri g t h 3 k is t h e 
g 

gap 

coefficient; I is the inodif ied Bessel furictiori. 
0 

Ttie \ ma x i m i-1 m accelerating gradi eri t can b e achieved with 
1; = 0 . 6. . . . 0.7.The wave s h 0 iL 1 d increase 

‘j 
accelerating amp 1 i tude 

along the ctiaririel axis for na/ti 3 O-5. Em cari achieve ttie value of 

about 5.. I 10 PlV/m for- E = 20 . . .30 MV./m = at t h e SIU-l S T h i-t s T 

accelerating r-esoriator the accelerating wave ainpl i ti_tde of about 
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8 MU/m has been achieved without an external magnetic field. 
The CWR has a high. value of t tie 5 ttun t impedance i n t h e 

low-energy region. The SIU-1 accelerating Iresonator has a sti1Jni 

impedance of about 30 MOhmjm. 

I V. THE PROVE OF PRI NC1 PLE EXPERIMENTS 

The ion accelei%tion with supe~~canductinq solenoid focusing 
has been realized at ttt.e SIU-1 RF experimental proton accelerator. 
The accelerator schem-e is presented at Fig. 1. 

The SIU-1 injector contains a proton source placed i 3-r 5 i d e a 
magnetic shield, an electrostatic preacceler-ator of the diode type 
and a beam tran5port chanfrel. 

The SIU-1 accelerating struc’ture is the compact @JR placed 
inside the superconducting solenoid. The qvi? t1as a length of 
0 85 m and a diameter of 0.18 m. I -*- 

The NhTi superconducting solenoid produces .the axial magnetic 
field up to 7.5 T with _a stored energy of about 1 MJ. 

RF power supply of the accelerator- is based 0 l-l t tl e RF 
generato’r which is similar- that itsed in the f i r-5 t part of t h e 
Moscow Meson Factory. 

The SIU-1 accelerator- design, construction and inve5tigation 
were carried out as follows : 
1. The a 1-1 t 0 1-j o m 0 u 5 tests of the in j’ector,. tt;e akkelerating 
r e s o n a t 0 r a n d the f ecus ing solenoib. All the calculating 
parameters were ,obtained. .’ 
--* .5. The test of the atce’lerating resonator with focusing rjolenaid; 
The test showed the resonator electrical .insulation -d&crease i n 
the presence of a stroig magnetic field. The -achidved amplitude is 
4 W/m‘. 
7 4 l The injector tests with the f 0 c t-15 i n g solenoid. The tests 
indicated the magnetit field inf lcterrce on plasma i ii t tie p 1‘ 0 t 0 n 

56lirce. To decrease this inf liuel’rce the compensating cbil has been 
installed in ‘the discharge chamber section. The beam curr-et-It, ‘at 

the resoriator input has been r+isen up ta 0.6 A. 
4. Thebeam acceleration. expkriments. Typical forms of voltage .on 
m e a 5 id I-- i ri g loop i n the resonator and beam current f ram the 
Faraday-%ylinder- are presented at the Fig.%a. It is obvious, that 
‘the stl;ong RF vbltage dticrease takes place up to the half df’ its 
value. A numb@r of ’ expetiiments were carri,ed out" 8-1 s i rf g t h e 
automating amp1 i tudd t&3itig system to compensate .ttj5s decrease, 
The beam current and the RF voltage p 1-11 5 e s obtained with t h e 
operating automatic amplitude ‘tuning system are presented at t h e 
Fig.2b.. Experimental data are presente’d in Table I. 

SIU-1 Experimental Accelerator Performances 

Maximum particle energy C MeV 11 1 .5 
lrijection energy C keV 1 1ctc:>. . . 1313 
Maximum acceler-ated beam currefrt C A > 0 I 4 
Beam pulse d?nr-ation ( ps 11 30. . I70 
Repetition rate C puls/s j I 
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V-DEVELOPMENT AND APPLICATION 

The limiting calculated heam current possibilities of the 
SIl_l-1 acceleratir,g-focusing system has not been achieved. The main 
reason of this is that the magnetic field distribution was n 0 t 
optimal hecause of the solenoid des i gn . At p r e 5 e 1-1 t , t h e SIU-1 
accelerator is under development to increase the accelerated heam 
c 1-t r i-m e I-I t . In the SIU-2 accelerator- with the injection energy r i s e 
up to 2(X1 keV and the simultaneous accelerating wave amplitude 
iJecrease to about 1.3 MU/m it is planned to get t h e pro ton beam 
with the energy of about 1.5 MeV and current up to 1.5 A. 

This tieam current value is not a limit to this accelerator 
type. Physical simulations of a beam dynamic hy using an electron 
probe indicates that a beam with the current up to SA can hE. 

accelerated at the frequency of about 200 MHz C33. Further beam 
c 1-t r F e I-I t increase can Be achieved us i n g the lower- operating 
frequency. The heam dynamic calculations indicate that at the 
operating frequency of about 20 MHz the beam current can rise up 
to 15 A X33. 

The accelerator with the superconducting solenoid focusing can 
I3 e 1-15 e d as an initial part of an accelerator for t f-l e 
burner-reactor Citl . Beam with the average cur-r-ent of ahout 0.3 A 
can be accelerated in the accelerator with the injection energy of 
about l(X) keV and the accelerating wave amplitude of sib 0 ut 
1.5...2 MV/m. 
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Particle Tracking in the BSF Beamline 
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A particle-tracking program for transverse motion was 
developed. It is used to calculate the particle trajectory 
affected by dipole and quadrupole magnetic fields. The 
calculation also considers multiple Coulomb scattering and 
energy loss in matter. The program was applied to a transport 
line for a SO&MeVproton beam. The result was compared with 
beam profiles and residual radioactivities measured along the 
beamline. 

I. Introduction 

It has become a serious problem to 
accelerator components due to beam loss 
of the beam intensity. A beam comprises 
core is completely characterized in the 

prevent the activation of 
according to the increment 
core and a halo. The beam 
frame of the equation of 

motion; it can also be defined using a few parameters. On the other 
hand, the beam halo cannot be defined well since it may be generated 
from the beam core by some stochastic processes; i.e. multiple 
Coulomb scattering and energy loss in matter. In a synchrotron, the 
stripping foil for H- injection is the main generator of the halo. A 
profile monitor of secondary emission type is a candidate in a beam 
transport line. Such a beam halo escapes from the confining region 
easily and causes beam loss. In addition, the beam core may also 
escape from an aperture by blowing up through electro-magnetic 
interaction; i.e. direct space charge and instabilities. Therefore, 
in order to consider the behavior of a beam, both stochastic and 
electro-magnetic processes must necessarily be considered. 

We are now developing a beam simulation program which 
calculates a particle trajectory affected by the dipole and 
quadrupole magnetic fields. The calculation also contains multiple 
Coulomb scattering and energy loss in matter by using a Monte Carlo 
method. Though we plan to include the effect of a static electric 
potential in the transverse plane, it has not been completed yet. 
This program was applied to the beam transport line which supplies a 
500MeV proton beam to the beam dump, neutron, meson and medical 
facilities (BSF beamline). The result was compared with the beam 
profiles and residual radioactivities along the beamline. The beam 
profiles were in good agreement with the simulation. The major hot 
points of the beamline almost coincided with the simulation, and the 



radiatiowlevel was also- proportional to the calculated beam ,loss 
rate. .' ,- ,. ., 

: .L ' I. ., 

II. Txackhg- Progmm .’ 

‘ 
51 General .. :: :, ‘ 

The program comprises two‘parts; One calculates a transfer 
matrix for each element as well as the twiss parameters, dispersions 
and momentum compaction factor if a periodic machine is selected 
(TRACK13). The other simulates beam trajectories taking into account 
of the materials and.apertures (TRACK14). Those-boundariesare- 
.defined by polygonsusing up to 20 points. 

A particle is 'transported--success5vely from the first element 
to the last element. In. the periodic case,,,+a:.particle is reinjected 
to the first element:'The"elements,:'are defined bp:some parameters: 
i.e. the element name, :as well as the kind of element, length, 
deflection.angle, field gradient and aperture information-. In 
matter, the energy loss and multiple Coulomb scattering are 
considered in terms of ,Landau and Moliere theorieq.lt".At the exit of 
each element, the particle position is s,ensed;whether it stays 
inside or out&de the aperture. When the particle ,is outside the 
aperture, it is-considered to be dead. 

: s., _’ 

52 Incident Beam' I> , 
. . . : 

The incident beam is assumed to have .an.e)l&tic boundary with 
a major axis of A and minor..axis of B in the<transverse plane, where 

. . ;; I _ _ .:. 

A-n expx and B-n Ey&. J--- r (1) . 
-. . . :/ >.’ 

Assuming that the beam profile has a Gaussian form, both the 

emittances, &, and Ed, correspond to 2-O beam widths. We chose 2 as 
the value of n, so that 99.994% of the Gaussian beam is included. 

In order to assure that motions in the horizontal and vertical 
phase planes are independent of'each,.other, the single-emittance 
model must be discarded since independent motion with single 
emittance in each Ijhase plane gives a Lissajous,,tVrajectory with a 
rectangular envelotie in ,the transverse plane (Fig., :g,). Therefore, we 
adopted the fol&owingalgorithm in order to obtaSn-.;tjhle.,.particle 
state (x,x',:y,y')~ W&en -a point (x,y). is given- fn&i&~the~-ellipse, 
the allowed ,amplitudes'are first calculated by ia :Honte Cqrlo method 
using the 

and 

following equations: _ : 

Zj= ((-bj-(bj2~aj(cj+SI'lj/2))1'2) /2aj)ln (j=1,2) , 
al=B2/4A2; a2=A2/4@, 
bl=-(B*-y*)/2, b2&_ (@+2) /i, 

c~=-B*x~/~A*+(B*-~*)x*/~, 
,c2=-A2y4/4B't(A2-x2)y2/2 

S=2alx4t2a2y4tx2y2-A*y*-B2x2tA2B2/2, 

(2) 

where Z,(=X) and Z,(=Y) denote the allowed betatron amplitudes of 
horizontal and vertical motions, whose trajectories. pass through 
point (x,y); Sdenotes the total area of the possible rectangles, 
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including point (x,y), and r)jdenotes a uniform random number within 
a range of o to 1. Here, the two-dimensional probability density of 
the betatron amplitudes X and Y is assumed to be proportional to the 
rectangular area 4XY. Once a group of X and Y is selected among 
possible amplitudes, (x,x') or (y,y') is given as a point inside the 
ellipse in each phase plane determined with twiss parameters and 
emittance Zjz/& by using a uniform random number. 

allowed rectangles 
4-d boundary 

forbidden 

\ 

In the transverse plane 
w 

uniform 
distribution 

I In the phase plane 

Fig. 1 Beam structure in the transverse plane and phase plane. 

The momentum deviation, Ap/p, is generated so as to have an 
elliptic-distribution given by 
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(3) 

where 6 is the momentum deviation (-Ap/p) and 60 is the maximum 
momentum deviation. 

$3 Elements 

The program can deal with the following elements: drift space, 
the sector magnet, its edge, the quadrupole magnet, and.a magnet of 
combined type. These elements are interpreted to transfer matrices.3 
A 'Kick' element affects the beam by changing only its direction. 
The 'matter' option causes multiple scattering and energy loss of a 
particle by the Monte Carlo method, An auxiliary 'Monit' option 
creates histograms of horizontal and vertical beam profiles at the 
location where this option is found. These elements are described 
below. 

3-l Drift Space 

A transfer 

: DRIFT 

matrix for a drift space is defined by 

1s 0 
Mij= 0 10 

0 0 1, 

where s denotes length of the drift 

3-2 Sector Magnet : HSECT and VSECT 

A transfer matrix for a sector 

co& psi& 

Mij' -sine/p co.58 

0 0 

(4) 

space. 

magnet is defined by 

p(l-co&) 

sine (5) 

1 I 

where 8 denotes the deflection angle and p the bending radius. In a 
plane perpendicular to the deflection plane, the transfer matrix is 
the same as that for drift space by substituting p8 to s. 

3-3 Magnet edge : HEDGE and VEDGE 

A transfer matrix for a magnet edge is defined by 
\ 
1 0 0 

Mij" tan&/p 1 0 (6) 

0 0 1 r 

where & denotes an angle between the direction of the bending 

radius, p, and the pole face. In a plane perpendicular to deflection 

plane, the transfer matrix is defined by 

1 0 0 

Mij’ (b/6pcos&-tan&)/p 1 0 
0 0 1 
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where b denotes the range of the fringing-field by a linear 
approximation. 

3-4 Magnet- of combined-type ': FCMB and DCMB -- 

The transfer matrix of the combined-type magnet is defined by 

c.4. sinc/dk (l-cos~) /plr; 

Ma a= 
11 -4ksinc i -ci$ :-’ sir&/p‘lk 1 i (8) 

: 0 0 __ 1' 

in the-focusing plane, where k=(ln}+l)/p2 is for the horizontal 

plane, k=lnl/,p2 *or vertical plane.and .$=sdk. The transferSmatrix 'for 
vertical plane is 

coshc sinhc/dk (cost-l)/pk 

Mij= dksinhc coshc sinhc/pdk (9) 

,O 0 I. I 

where k=(lnl-l)/p2 is for the horizontal plane, k=lnl/p2for vertical 

plane and <=sdk. 

3-5 Quadrupole Magnet : QF and QD 

The transfer matrices for quadrupole magnet are obtained from 
the transfer matrices for the combined-type magnet by'setting k=g/Bp 

and l/p=O. 

3-6 Kick : KICK 

This element cannot be represented by a transfer matrix. When 
this element is found, the state vector (x,x') changes to (x,x1+8). 

Here, 8 denotes the kick angle-. 

3-7 Matter : MATTER 

This element causes some deflection and displacement due to 
multiple Coulomb scattering as well as energy loss. The amount of 
energy loss is calculated in terms of Landau the0ry.l In thin 
matter, the energy transfer for each collision is calculated.4 At 
the same time, multiple Coulomb scattering is also calculated as a 
succession of small-angle Rutherford scattering wjth a screening 
effect. For a thick matter, Moliere theory is adopted.2 In order to 
save the CPU time, Landau distribution and a Moliere's distribution 
are tabulated precedently by the following formulations: 

(i) Landau distribution 

r +ice 

F(h)= exp(l'jLogrl+qh)dq 
C-i- 

(IO) 
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h=(A-Aprob)45 ,. . 

where A is the @nergy loss and {=0,1536(Z/A)pt/p* '(M&V);' using .- 

atomic nu&er/Z, mass number A, d$ns.lt$ p and thickness t of-matter 

for a proton with a velocity,P.- The,most probable~energy_~~loss; &&, 
is given'by. ” 

: .: 

-5 (Log (*&n&3~y2/12> -p40.422&s) ; 

i I in 

&r& ._ (11) 

where hc2 is the electron reSt mass, Ithe mean'excitationpptential 
of matter and 6 a parameter used for density correction. The.value. 
of 6 for each atom was quoted-from.Sternheimer's works..5 

r .’ ,, 

(i-i) Moliere's distribution 

eo 
F (8) = J em (Q (Xl -&) JO (X0) xdx 

0, 
(12) 

where 8 is a normalized polar angle measured with respect to the 

direction of an incident particle, and v-is-the average collision. 
number. The same equation-gives a,normalized lateral displacement 
upon replacing v with 0.6492447v. Both the actual scattering angle 

(8,,8,) and the d' isplacement (x,y) are given by the following 
relations: :’ ~ 

e,=ee~cos~r,8,=88,sin~1,x=8R,cos~z and y=eR,sin$2, (13) 

where $1 and-b are azimuthal angles distributed uniformly in a range 

between 0 a'nd 27~. 8, and R, are defined by eC2=xnt(2Ze2/pj3)2 and 

RC2=t2eC2/3, respectively, using the particle density, n; the 
thickness, t; and the atomic number, Z, of the matter. The proton 
momentum is p and the velocity p. 

3-8 Monitor option : MONIT 

This element is treated as a drift space. When it is found, the 
horizontal and vertical profiles are created within a range between 
-50mm and 50mm. 

III. Simulation 

The program was applied to the BSF beamline. This beamline.‘ 
supplies a 500-MeV proton beam from a Booster synchrotron to four 
experimental halls: neutron, meson, medical and dump facilities. 
Fig. 2 shows a plan view of the beamline. Beam tracking from the 
entrance of the BSF beamline to the neutron facility is described 
below. 
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There are 32 quadrupole magnets, 5 dipole magnets and 19 
steering magnets in this line. The calculation took into account 
only the quadrupole and dipole magnets. The steering magnets were 
treated as drift space. The beam profile monitors were considered as 
being a generator of the beam halo (matter option). The incident 
beam was generated by using twiss parameters mapped to the entrance 
of the beamline from the exit of the Booster. The emittances were 
adjusted so as to reproduce the actual beam profiles at the point of 
the first beam profile monitor (PROl) where dispersion was not so 

large. The maximum momentum deviation, &, used in equation (3) was 
determined to be 0.4% in order to fit all of the profiles of the 
beamline. The beam profile monitor is a secondary-emission type and 

comprises 32 tungsten wires of 3O/_lm in diameter with a 2.5mm pitch 

for horizontal profile measurements. The same number of wires are 
used for vertical profile measurements. These wires and a ceramic 
frame are the main scatterers of the beam. In a simulation, the wire 
was considered to be a square pillar. 

BOOSTER SYNCHROTRON 
UTILIZATION FACILITY 

Fig. 2 Plan view of the BSF beamline. 

The calculations were performed for two cases: with and without 
profile monitors. In the former case, the total amount of beam loss 
was about 1% of incident beam intensity. The latter gave a very 
small loss, less than 10m4. This result implies that the beam halo is 
generated by profile monitors and is the main origin of residual 
radioactivity in the beamline, rather than orbit distortion. In 
order to test our speculation, we are planning to remove the profile 
monitors from the beamline during the next machine cycle. 

Fig.3 compares the calculated profiles with the actual beam 
profiles at each monitoring point, where the line and the histogram 
denote the calculation and measurement, respectively. As shown, the 
simulation is in good agreement with the measurement, except for 
horizontal profile of PR13. 
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The beam loss-count along the beamline is shown in Fig.4, 
together with a measurement of the radio activities (relative 
values). In this figure, the left edge of the knife shape histogram 
represents the value of relative exposure or loss count at an 
entrance of the element. The right edge represents the value at an 
exit of the element. The open and solid histograms correspond to the 
relative exposure and the calculated beam loss count, respectively. 
As shown, the major hot points almost coincide with the simulation, 
and the exposure level is also proportional to the calculated loss 
count. At the first five elements. (PHBl to STZH)', the calculation 
gave no beam loss. These points may occur due to orbit distortion. 
This will be also clarified by the next beamline study. 

mu 0 

-- 

mn m 

mum 

Fig. 3 Comparison between measured profiles and simulation. 
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Fig. 4 Beam loss count along the beamline. 

IV. Remarks 

This program was applied to the BSF 
actual beam profile successfully, except 

beamline and -reproduced the 
for the horizontal profile 

of PR13. The major hot points of the beamline are also consistent 
with measurements. This calculation implies that the tungsten wires 
of the beam profile monitors are the main origin of the beam halo: 
This idea will be tested next machine cycle by removing the profile 
monitors. 
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Introduction. 

The tuning of the linear accelerator of the present Moscow 

Meson Factory is about to be-completed. We are going to get first 

600 MeV protons this year. 

In accordance with the resolution on High Energy Physics of 

the USSR Governmen,t.we have .been designing the Project, of Moscow .I 
Kaon Factory (MKF) since the middle of 1987.. Now we collaborate 

with four :institutes which contribute to, the development of the , 

Kaon Factory Project and we finished the Proposal of the MKF. 
; ..I 

In the, Proposal of the MKF the .linear,.accelerator ,of the 

Meson F,actory is to be used as the injector for the ,Booster be.ing 

the first step of the MKF accelerator complex [l]. 'After charge 

exchange injection the H+ beam is accelerated in the Booster from 

0.6 GeV to 7.5 GeV and in the Main Ring from 7.5 GeV to 45 GeV. At 
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the end of acceleration the 45 GeV beam istransferred from the 

Main Ring to the Extender and then extracted slowly with IOO% duty 

cycle. 

The program of physics research to be carried out at the 45 

GeV high - intensity proton beam was discussed at "The 5 All Union 

Seminar" 123. 

The Time - Energy Structure-of the accelerators complex. 

Figure 1 shows the time - energy structure of the 

accelerator complex. Every second a 100 ms long macropulse of 600 

MeV H- ions from the linac with 3.1110 l3 particles is injected 

into the 50 Hz rapid - cycling Booster and are accelerated to 

7.5 GeV. Then three out of six pulses are transferred to the Main 

Ring. An other three pulses of the beam are used in the 

experimental area of the Booster. The Main Ring is filled during 

the 40 ms flat bottom magnetic field. The Main Ring accelerates 

9.3*1013 protons per pulse from 7.5 GeV to 45 GeV during 50 ms. 

The reset of the field in the Main Ring takes 30 ms, thus one 

cycle is 120 ms long, for a repetition rate of 8.3 Hz. The 

Extender is need for slow extraction with 100% duty cycle. 

This accelerators complex can produce an average current of 

125 mA with slows extraction with the average current from linac 

being 500 uA. Figure 2 shows the proposed layout of the MKF and 

experimental areas, together with the meson facility. 

Injection from the Linac. 

At injection into the Booster, the bunches follow with 198.2 

MHz (the frequency of accelerating field of the last part of the 

linac is 991 MHz). Every bucket of the Booster is filled by three 

bunches from the linac. Since the rf frequency of the Booster is 

33.03 MHz, three out of six bunches must be rejected which is done 

before injection into the linac, just after the buncher. Figure 3 
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shows the result Of longitudinal painting with three bunches. The 

length of the bunch from the linac is about kl" 'ati 33.03 MHZ and 

the momentum spread is +0.6%. .To improve painting it is needed to 
reduce the momentum spread to 20.1% - t0.12% with simultaneous 

increasing of the bunch length to +7' - ?: 12' by bunch rotation. 

The volume of the beam in six dimensional phase space is increased 

by a factor lo3 at injection. Since H-ions are injected into the 
Booster by stripping them to protons as they pass through a thin 

foil, Liouville's theorem on phase space conservation may be 

circumvented and the beam is required which is injected over many 

tens of turns. The need to increase emittance arises from the 

Laslett tune shift that must not be more than 0.2. The size of the 

longitudinal emittance is determined by the threshold for 
microwave stability and a value of loading during accelerating 

cycle as well as by a condition of longitudinal matching between 

machines. TO satisfy all these conditions we have chosen +0.35% 

momentum spread and the ratio of bunch height to bucket height to 

be 0.8. 

Requirements for the Lattice Design. 

The MKF lattices were chosen on the basis of the following 

requirements: 

1. For slow extraction from the Extender a dispersionless 

long straight section of 150 m length is needed. 

2. Straight sections with zero dispersion are necessary for 

rf cavities for Booster and Main Ring as well as for the insertion 

of Siberian snakes. 

3. The Main Ring and the Extender should have the same shape 

to be placed in a single tunnel. 

4. Crossing of transition was to be avoided in both rings. 

5. For increasing the threshold of microwave instability 

without additional longitudinal painting especially near the end 

of the accelerating cycle small real Tt in Main Ring and high real 

Tt in Booster are needed. 

6. Suppressing of depolarizing resonances in both rings. 

7. Realization of large dynamic aperture for dec'reasing of 
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construction is identical .to.the;previo.us lattice. TO produce zero 

dispersion in both straight sections the arcs are tuned to 21x = 6. 

In the -.Y?r%c?& P~+~.,$he.,@se ad,vance..of the straight sections 

is. chosen . to .,be 2#.? for ,suBpressing' of spin-depolarization 

resonances and the tpne, of the arcs;:;is.d. 256.~.high.~alue of+)+++ '< 
qbtained by the "missing magnets'!. and by the relatively .smal& 

modulation Of the,#!I-function -(2 families,,-.of Q-F)w The .numerjcal 

t~rac$i.ng gives .a -dynamic aperture:of Yabout,~13p.0. '1c mmtmrad after 

corr.ect&on..of chromaticity for the on-momentum particle. (fig.5.)-. 

We believe that this.lattice is optimal. for the -booster.-.'Besides 

the above features. there is enough place j.n the .arcs for 

co_llimation.of longitudinal losses J83 and diagnosticdevices. ’ .% 

-.; 

Extender and, Synchrotron-&attire -. . .L _ __ 

. 

The synchrotron lattice has been designed using a regular 

FODO j focusing structure ~without superperiodicity [9]% The 

transition energy 4s determined.by the horizontal tune Yx (Ttr i 

Vx) that,equals .Vx = 7, Every ,arc..consists of ,18 cells with+%/3 

advanced phase in the horizontal plane. The dispersion in the 

straight section is canceled by ,the.!'missing magnet" dispersion 

suppressors placed at the ends of arcs. The suppressor consists of 

two cells.; One of them k-empty and another one is the sa@e.,as the 

arc 'cell. .The tune for-cell in both planes equa,ls X/3 _in..order to 

have for- arcs Y.x.y ‘=- 6). The length of. the straight sec$,igns is 

determined by the'needed optics,for the extender, and. equals 178,m. 

The total advanced phase is 7;25. for the.hor&zontal plane and 8.25 

,for the.vertical .pLane. 

The Extender occupies the same tunnel as the Nain Ring and 

has,the same lattice in arcs. The Extender gives a 

during.the. 120 ms cycle,time via S~QW extraction. 

maximum,field of 1.8. T and-quadrupoles of 1.1 T,.at 
..e ., . :, ._ 

: _ 

! : ‘. 

continuous beam 

Dipoles have. a 

the pole. tip,.. 



Slow Extraction 

The Extender has two long straight sections LSSl and' LSS2. 

Slow extraction is performed in LSSl. LSSl has two matching 

sections at its ends and extraction section EXS. Fig. 7 shows the 

lattice functions in LSSl as well as the placement of the 

extraction elements (MPSl, MPS2 - the first and the second 

magnetic pre-septa, ES and MS are electrostatic and magnetic 

septa). The Extender is emptied -by employing- a third order 

resonance. Results of tracking studies are presented in fig.8. 

The magnetic pre-septa are asymmetric guadrupoles. Both septa 

are identical. Each of them provides an angle of 0.5 mrad between 

circulated and extracted beams and has a length of 0.5 m. 

The electrostatic wire septum is '5 m long with a field of * 

80 kV/cm. It deflects the beam by 0.85 mrad. The thickness of the 

wires will be 50 pm. 

Magnetic'septum deflects extracted beam'into the derivation 

l.ine. The thickness of the septum determined by the beam 

separation at the entrance of the magnet and is found to be 2 cm. 

RF Cavities. 

We consider now tunable cavities with perpendicular bias [9] 

as the working (first) variant. Calculations were made to chose 

cavities which are able to provide parameters needed with 

reasonable consumption of rf power and power of the bias circuit. 

With a maximum rf power density of less than 1 W/cm3 in ferrites 

cavities for the Booster will produce an accelerating voltage 80 

kV, the cavities for the Main Ring 140 kV. In comparison with the 

LANL-TRIUMF cavities, R/Q values and the volume of ferrite 

(relative) are lowered. For cooling of the ferrite rings we will 

use metal plates with radial slots. Development of technological 

processes to produce large (outer diameter 850 mm) yttrium ferrite 

rings is under way. An rf stand for full-scale cavity testing 1s 

under construction. 

Also under consideration variant of the cavities proposal 

using a special varactor for capacitive tuning is . This leads to 
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the possibility to remove expensive ferrites and the biasing 

circuit. 

. 1 . 

: .:Beam- Stability. ..- 

/- . 

We perform the longitudinal painting during injection into 

the Booster with 3 -bunches spacing -by 60 degrees. The- maximum 

bunching factor Bf obtained in numerical simulation equals 0.33. 

The bucket height is 20% larger. than the .bunch. We have 

longitudinal emittance of 0.09 eV-s. 

The space charge term of longitudinal impedance divided by 

mode number changes during acceleration in the Booster from -i280 

to -ilO. TO avoid, microwave instability the upper bound on the 

inductive wall, term 

The Main Ring 

rt77. Condition of 

if inductive wall 

8 fl. 

in the booster with rt=18 becomes,SO,ti.- 

operates above the- transition energy with 

longitudinal microwave stability is satisfied 

term of broad-band impedance does not exceed 

The parasitic modes of the rf.cavities are serious sources of 

longitudinal instability. Passive mode damping of the parasitics 

helps to control them by active damping. Coupled-bunch modes 

around the rf. frequency (n=h 1, h 2) will be damped.by feedback 

loops connected with the rf system. 

Landau damping of longitudinal modes is present only at the 

beginning of the accelerating cycle. Later on it is lost because 

the coherent frequency shift becomes larger than the half spread 

in incoherent frequencies. 

To provide transverse stability of low frequency coupled- 

bunch mode the special construction of vacuum ceramic chamber and 

broad-band feedback system are under development. In the Main Ring 

the natural chromaticity must be corrected to positive value. 
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Conclusion . . . ‘. 

We have outlined the Proposal of the Accelerators Complex 

Lattice of the Moscow Kaon Factory; It allows to have simultaneous 

beams of the following parameters: 

‘* 'av = 250 PA, W = 7.5 GeV,. f = 50 Hz, t = 1.-l ms 

2. 

2. I,.= 125 PA, W = 45 GeV, f = 6.3 Hz., t k.3.3 ms 

3. Iav = 125.-.kA, W = 45 GeV, continuously 
; . 

~Besidestaking account of.the possibilities of the linac and 

the 600' Mev '- Accumulator -- Stretcher one can consider that it 

will be the powerful Accelerators and Accumulators Complex for 

nuclear research in the field. o'f high intensity physics and thin 

process.. ‘. 
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:Spallation Physics -“-An ‘&er+iew 

., _, 

1. 
:. 

Most of you know thit LMSCE uses 800-MeV photons (from LAMPF) to produce neutrons for 
scattering experiments. But do you.know how we do it? This article explains the basics of 
spallation and compares it to fission, ~4 diktkses some bgsic,target neutronics. 

. L. ‘, i 
,. ‘ .Y -_ : 

I. WHAT IS .SPALLATION? 
. .,‘. 

i 

Spallatbn refers to nu+ar’ieaqtions that occur when ener@tic particles (for e‘xample, protons, neutrons, 
or pions) interact with an atomic nucleus. AtLANSCE, energetic (8OO.MeV) protons hit a tungsten 
target; at 100 @, this amounts to 6.24 x 1014 protons per second striking the target. HoweQer, to 
illustrate the spallation process, we will describe the reactions that follow tihen d$y & 8@-MeV 
proton, a primary particle, hits a target nucleus. :. 

As shown in Fig. 1, spailation can be thought of as a two-stage process. In the first stage, the primary 
particle reacts with nucleons--neutrons and protons--inside the nucleus. The reactions that follow create 
an intranuclear cascade of high-energy (greater than 20 MeV) protons, neutrons, and pions within the 
nucleus. During the.intranu&~~cascade, some of these energetic hudrons escape as secondary particles. 
Others deposit thec kinetic ,nergy,,b the nucleus leaving it in an excited state. In the ,sFond stage 
(nuclear de-excitation), eGqoration.@kes place yhen.&e excit@,‘nucleus relaxes by emitting low-energy 
(less than 20 MeV) neutrons, pr@@ns, alpha pax-tide!.,- et&,-tith the majority of the p-qticles being 
neutrons. The low-energy.‘rieu_&ons produced duri$ nuclear’de-excitation are important in a. spallation 
source because tiei can ‘be moderated (reduced) to even lower energies for use,as research probes. After 
evaporation, the nucleus that remains may be r@q~&ive and may,emit%gamma rays: ’ 

Secondary high-energy particles produced dMrig thk intraklear cascade move roughly in the ‘same 
direction as that of the incident proton and can collide with other nuclei in the target. The reactions that 
follow are a series of secondary spallation reactions -(see Fig. .2) that generate more secondary particles 
and low-energy neutrons. The so-called hudronic cascade is the accumulation of all reactions caused by 
primaryandsecondaryparticlesinatarget. 

,I I.. 
i ” ~: , ‘. ;_., ,’ 

,. 
If the target is -very heavy (for example, depl&ed uraniUti or led), high-energy-fission can compete with 
evaporation during nuclear de-excitation (see Fig. 3). Even more fission events can occur ‘ii fissile 
targets such as BXJ or 23sU. 
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I Figure 2. Secondary particles (neutrons, protons, and pions) 
1 

:______-________A 

from rk innanuclear cascade go on to induce further spallation 
Evaporation 1 reactions. Tk hadronic cascade is tk accumulation of reactions 

caused by primary plus secondary particles. 
Figure I. Tk primary particle 
(BOO- MeV trroton) hits tk tungsten 

nucleus, inducing spallation ” 
(the intranuclear cascade and 
evaporation). 

_______________------------------------------- 
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Figure 3. When a depleted uranium target is bombarded by 80044eVprotons. high-energyfission 
competes with evaporation during nuclear de-excitation. More neutrons are emittedfrom high-energy 
fission than from evaporation. The neutrons emittedfrom high-energy fusion and evaporation can go 
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II. ‘HOW DOES SPALLATION DIFFER FROM FISSION? 

Spallation and fission differ in several ways. One difference is in the nuclear debris remaining after the 
reactions. Predicted yields of spallation products from a lO-cm-diameter by 30-cm-long machineable 
tungsten target, bombarded on axis by 800 MeV protons, are depicted in Fig. 4. Note in Fig. 4 the 
more-or-less continuous distribution of spallation products down to mass number 120, the symmetric 
high-energy fission products in the mass range 60 to 120, and the spallation and high-energy fission 
products below mass 60. Spallation products below mass 60 come from the iron and nickel in 
machineable tungsten. Machineable tungsten used for the LANSCE targets has a density of 18.3 
gm/cm3, and is composed of 97.0 w% tungsten, 2.1 w% nickel, and 0.9 w% iron. In fission, the 
nucleus divides into two, producing a variety of fission products (see Fig. 3). 

Another difference between spallation and fission is in the number of neutrons released. The overall 
number of neutrons released per fission event (about 2.5) is considerably less than that released per 
spallation event; about 13 neutrons for each incident proton are released from the LANSCE target (See 
Fig. 5). Furthermore, at least one of the 2.5 neutrons produced by fission is useless for neutron 
scattering--it is needed to sustain the fission reaction. 

Spallation and fission also differ in other ways: 

9 in the amount of energy &posited per neutron produced 

For fission, about 180 MeV of energy is deposited as heat for each neutron produced; for spallation in 
tungsten, the corresponding number is about 32 MeV. Although there is less heat generated with 
spallation, the intensity of the proton beam at a high-power spallation source can lead to cooling 
problems--equivalent to those of a high-power reactor source--in windows and targets, unless special 
care is taken. 

l in the amount of gamma-ray energy produced 

At LANSCE, about 2 MeV of gamma-ray energy is emitted for each neutron produced; about 12 MeV is 
released per fission event. Because spallation neutron sources do not produce as much gamma-ray 
energy as equivalent reactor sources, gamma-ray heating and contamination of neutron beams are less 
problematic. 

4 in the energy distribution of the em&cd neutrons 

Spallation neutrons have higher energies than fission neutrons (see Fig. 6). In a spallation source, high- 
energy cascade neutrons approach the energy of the incident proton (800 MeV at LANSCE). High- 
energy neutrons are extremely penetrating as well as being useless for neutron scattering. Well-designed 
shielding is needed to prevent high-energy neutrons from causing unwanted background in experiments. 

III. HOW DOES SPALLATION TARGET DESIGN AFFECT NEUTRON YIELD? 

The objective in designing a spallation target is to increase the leakage of low-energy neutrons and to 
decrease the leakage of high-energy neutrons from the target. Low-energy neutrons that leak from the 
target are potentially useful because suitable materials can reduce their speed (by factors of 10’ to 1010) 
to produce pulsed neutron beams useful for research in materials science and nuclear physics. 
Fortunately, low-energy neutrons from the hadronic cascade outnumber the high-energy neutrons (see 
Fig. 7). 
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Figure 4. Calculated spallation product yields for 8OWfeVprotons on machineable tungsten. 
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Figure 6. Neutron production from fission (0) and from spallation (m). 
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Three primary variables can affect the number of low-energy neutrons produced by a target: 
l the energy of incident protbns, 
l the target material, and 
l the target geometry. 

Energy of incident protons 
As the energy of protons incident on a spallation target increases, the number and energy of neutrons 
produced increase. Figure 8 illustrates this effect. 

Target material 
For spallation neutron sources, practical target materials are lead, tantalum, tungsten, depleted uranium, 
and lead/bismuth. The calculated low-energy neutron leakages for most of these target materials having 
the same dimensions of the LANSCE target are as follows: 

lead 11.9 
tantalum 12.7 
tungsten 13.1 
depleted uranium (dilute) 19.4 
depleted uranium (solid) 21.4 

Compared to tungsten, a depleted uranium target designed to operate at 100 pA of 800-MeV protons 
must be clad to contain fission products and must be segmented more to affect target cooling. Cladding 
and coolant materials make the target dilute and do not produce as many neutrons as the target itself; 
therefore, the number of neutrons for the dilute depleted uranium target is lower than the solid depleted 
uranium target. 

Neutrons leaking from solid split-targets of tungsten and depleted uranium are compared in Fig. 9. 
Neutrons emerging from a tungsten target are biased towards lower energies; these neutrons can be 
moderated more effectively for neutron scattering experiments. 

The total neutron yield of a pulsed spallation source is not the only feature of the source that interests 
neutron scatterers. For accurate experiments, short pulses and low backgrounds between pulses are also 
important. Therefore, depending on the application, a fissile target (which produces more delayed fission 
neutrons between pulses than say tungsten) may not be the best choice. 

Target geometry 
The number of low-energy neutrons produced depends on the size of the spallation target. For example, 
in Fig. 10, the number of low-energy neutrons increases with target diameter and reaches an asymptotic 
value of about 20 neutrons/incident proton (n/p) at a diameter of about 50 cm for a 30-cm-long tungsten 
target bombarded with 800-MeV protons. Neutron leakage from the same target reaches a maximum 
value of about 15 to 16 n/p at a 20-cm diameter. 

Varying the target size also changes the energy and time distribution of neutrons that leak from a target. 
Small targets yield more high-energy neutrons than large targets, and the change in time distribution is 
important in some applications (for example, nuclear physics research) in which very short neutron 
pulses are required. 
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IV. SUMMARY. ‘- i ‘_‘ 

Spallation is a method ofproducing neutrons for materials science research. Contrasted to fission, 
spallation differs inthe following ways: a) fin the nuclear debris remaining after the reactions, b) in the 
amount of energy deposited per neutron produced; c) in the amount of gamma-ray energy .produced; and 
d) in the energy distribution of the emitted neutrons. 

The energy of incident protons and the target material and geometry affect the number of neutrons 
produced..More importantly, these factors also influence the energy and spatial distribution_ of neutrons 
leaking from the target. Figure 11 Xustrates the difference in spectra of neutrons produced in the target 
and those that leak from the target. This.difference occurs because the target can be viewed as a 
moderator that reduces the energy of neutrons produced. For hydrogen and other moderating materials, 
the lower the energy of neutrons leaking from the target, the more readily these materials can moderate 
neutrons to energies suitable for neutron scattering experiments. 
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ABSTRACT 

It is important to use computer codes with high precision for 

analyzing the physical process in the intense neutron source 

induced by the high energy proton beam. A brief description is 

given for the spallation and fission reactions and the particle 

transport codes which have been developed and upgraded at JAERI. 

The simulation code for lligh Energy Nuclear Reaction Process 

in the energy range of 15 MeV to 3 GeV. NMTC/JAERL, is a JAERI 

version of NMTC which was developed at ORNL and revised later at 

LANL and BNL. In this version the high energy fission reaction 

can be calculated, using the statistical model, in competition 

with the particle evaporation reaction. The mass number A of 

nuclides which can be dealt in the spallation calculation has 

been extended from [ A=1;8< A< 239 I to [ A=l; 6~ A c 250 I. A 

simulation code NUCLEUS for the spallation reaction of one 

nucleus without taking into account the internuclear cascade, was 

also developed to evaluate the computational model for spallation 

reaction and analyze effectively the data measured in thin foil 

experiments. For the whole energy range less than 3 GeV, two 

simulation code systems had been developed by connecting 

NMTC/JAERI with the neutron transport codes MORSE-DD and TWOTRAN- 

B respectively. The code SPCIIAIN for calculating the time 

evolution process of spallation products has been developed on 
the base of the depletion code DCUAINP, which had been made for 
the calculations of decay and built-up of fission products in a 

nuclear reactor. The new nuclear data have been compiled in 

SPCIIAIN data file for about 1100 nuclides needed for TRU 

spallation calculation. These codes are used to calculate 

reaction products measured in the spallation experiment using 500 

MeV protons in the booster facility of the synchrotron at KKK and 

to perform the conceputual design study of TRU transmutation 

system driven by an intense proton accelerator. 



I. INTRODUCTION 

It is important to use computer codes with high precision for 

analyzing the physical processes in an intense neutron-source 

induced by the high energy proton beam., In this report.brief 

descriptions are given for the spallation reaction and.the 

particle transport codes,~ which have been developed or upgraded 

at JAERI and,some results computed by using these codes are 

presented. Our main purposes-are to perform the design study of 

transuranium nuclides (TRU) transmutation target-core system 

driven by a proton accelerator and analyze the data measured-in 

spallation experiments.’ Analyses of the beam window on the : 

spallation target and accelerator strucutral materials irradiated 

by high energy particle beam will be also carried out. 

II. SPALLATION ANALYSIS AND TRANSMUTATION SYSTEM DESIGNING CODE 

SYSTEMS DEVELOPED AND UPGRADED AT JAERI 

As well known, the high energy protons injecting on a target 

cause more compl@ate nuclear reactions than neutrons 

transporting in a reactor core. Figure 1 shows the schematic. 

illustration of nuclear reactions and particle transport 

processes in a heavy metal-target irradiated by the high.energy 

proton beam. In the energy range above -15 MeV, the 

intranuclear and internuclear cascades with the spallation 

(particle knock-on), evaporation and high energy fission 

reactions are induced by the proton bombardment; Through these 

processes many neutrons and some light particles such as proton, 

deuteron, triton, helium-3; a particle are emitted. Most of 

these spallation neutrons, which have the energy spectrum similar. 

to one in .a fast reactor, transport in the target after slowing 

down into the energy range lower than -15 MeV. As nuclear 

reaction simulation codes, NMTC/JAERI - NMTA and NUCLEUS codes 

are prepared for the energy range above 15 MeVand MORSE-DD , 

SP-ACE and TWOTRAN-II’ codes for the range below 15 MeV at JAERI. 

ORIGEN-2 and SPCHAIN calculate the time evolution process of TRU 

transmutation products in the lower and upper energy ranges, 

respectively. The flow chart in Fig.2 shows.the mutual relations 

among the simulation code- systems prepared at JAERI. The High s 

Energy Nuclear Reactions and Nucleon-Meson Transport Code 
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NMTC/JAERI is the main code in this code system. The codes 

included in the left side of this figure simulate the high energy 

nuclear reaction process above 15 MeV and ones in the other side 

carry out the neutron’transport calculation below 15 MeV. 

(1) NMTC/JAERI” 

The code NMTC/JAERI is used for the Monte Carlo simulations 

of nuclear spallation induced by incident particles( proton, 

neutron, pion ) from an external source in a heterogeneous medium. 

The subsequent internuclear transport processes is also 

calculated in the energy range of 15 MeV to 3 GeV. In the JAERI 

version, the fission process has been incorporated as a competing 

process with particle evaporation. The range of mass number A of 

nuclides in the target has been extended from] A=1;8< A< 2391 to 

[ A=l; 6~ A < 250 1. The major part of NMTC is almost the same 

as the old version of HETC. The detailed descriptions about 

NMTC/JAERI had been given by Nakahara at the former conference 

ICANS- N . =’ So in this report only two graphs computed using 

NMTC/JAERI for the analysis of transmutation system are presented. 

Figure 3 shows the dependence of the number of spallated 

nuclides on the incident proton energy when the 237Np target(20 

cm in diameter, 60 cm in length] is bombarded by protons. The 

number of nuclides transmutated by one proton with 1.5 GeV in 

energy is about 5 but it is too small to manage TRU wastes in the 

commercial base. It must be noted that several tens of neutrons 

of hard energy spectrum are emitted in the spallation reaction. 

The computer simulation results show that the number of 

spallation neutrons generated in the targets of actinides.such as 

U, Np and Am, and heavy elements such as Pb and W increases 

monotonously when the proton energy increases up, as seen in Fig. 

4. For the case of 237Np target( 20 cm in diameter, 37 cm in 

length) bombarded by a 1.5 GeV proton the neutron number is -40. 

The application of these neutrons to the transmutation system is 

described later. 

( 2 ) NMTA/ JAER13’ 

In the improved version of NMTA, which is named to the 

statistical routines analyzing the Monte Carlo events in the 

NMTWJAERI computation, the new subroutine HEATDP has been 
installed. HEATDP was developed at JAERI to calculate the energy 
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deposition and its spatial distribution for each component such 

as ionization loss energy and recoiling energy of fission and 

spallation products without 7 -ray heating of excited residual ,_ 

nuclei in the high energy range. ,Figure 5 represents the. 

dependece of total heat deposition in a metal target ( 20 cm in 

diameter, 60 cm in length) as a function of the injected proton 

enenrgy . HuTand Hv * denote total heat deposition and ionization 

loss energy in a natural uranium-target, respectively and HpbT is 

total heat deposition in a lead target. The difference between 

Hu7 and Hv* corresponds to the deposition of heat generated from 

the high energy fisson. The fraction of proton energy lost 

through the inonization decreases when the incident proton energy 

increases. The ionization loss becomes - 50 % of total heat 

deposition at 900 MeV. Figure 6 (a) and (b) shows the spatial 

distributions due to ionization loss energy and recoiling energy 

of SPs and FPs, respectively, for the 900 MeV proton injecting on 

the uranium target with 20 cm diameter and 36 cm length. 

( 3 ) NUCLEUS4’ l a’ ’ a) 

The code NUCLEUS has been also developed at JAERI by 

modifying and combining the Monte Carlo codes NMTC/JAERI and a 

routine in NMTA/JAERI. The NUCLEUS can simulate the nuclear 

spallation reaction between a single target nucleus and a 

projectile without the internuclear nucleon transport process, in 

order to make direct evaluations of physical and computational 

models efficiently. The results computed by this code can also 

be compared directly with the data of thin foil spallation 

experiment, in which the-internuclear multiple scattering have ‘. 

little effects. In NUCLEUS the counting region of reaction ‘- 

products was extended to avoid the count loss due to the 

dimension limitation in the computer program. As for a.mass 

formula the Uno &:Yamada’ mass formula7’ has been optionally 

adopted to upgrade the particle evaporation calculation. New 
several plotter routines were also provided for rapid processing 

of a huge amount of output data. Figure 7 compares the original 

calculational data with the upgraded ones for mass number 

distributions of reaction products with Z from 92 to 82 from a .‘, 

uranium nucleus spallated by a 1 GeV proton. In the central case 

with the extended counting region, the counting loss is recovered, 
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and the left tail of peaks appears in the reasonable form in 

comparison to the left figure for the original region. By the 

usesof Uno & Yamada’s mass formula, the corrected peaks in the 

right figure have become wider than the central case. 

On the other hand the-NUCLEUS computation presents the 

important, basic data for researching the feasibility of TRU 

transmutation induced by the spallation process.. In Fig. 8 the 

bird eye’s views of yields of products are drawn in log scale for 

the cases of 1 GeV proton impinging on a) uranium and b) lead 

nuclei. The yield consists of three components, namely, the hill 

of spallation products, the spire of evaporated particles and the 

valley of high energy fission product between them. It is 

apparent that the yield of SP is greater than FP .by two orders. 

Table 1 summarizes the number of produced light particle such as 

proton, neutron, deutron, triton, helium 3 and alpha. They are 

emitted from a uranium target nucleus bombarded by protons with 

the energy of 380 MeV to 2.9 GeV. The number of emitted particles 

has the maximum value around 2 GeV, where the neutrons more than 

17 are emitted from one uranium nucleus. The result suggests. 

that the incident proton energy has the optimum value around 2 

GeV for neutron production. Figure 9 shows the histogram of half 

life distributions of products when a 2 GeV proton bombarding on 

237Np and 241Am target nuclei. The shaded portions in the half 

life classifications of 7 and 9 represent tritons and deuterons & 

heliums respectively. The nuclides included in the 

classification 8 are a few. These nuclides are considered to be 

most harmful from the hazardous point of view. Most of SP in 

this case have the halflife shorter than one year. 
(4) SPCHAIN, SPD 

The composition and amount of residual nuclides accumulated 

in the target spallated by the proton beam is very improtant for 

the feasibility study of proton-induced TRU transmutation. 

Actually, however, it is almost impossible to obtain exactly the 

time evolution of yields of all the nuclides in the target due to 

enormous computing time. A code for calculating approximately 

the process of spallation products, SPCHAIN, has been made on the 

base of the depletion code DCHAINB , 8’ which was developed for the 

calculations of decay and build up of fission products in a 
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nuclear reactor. We have modified the one point:depletion 

equation to include the transmutation, decay and build up 

processes of TRU and spallation products In the:following, 

dXt(t)/dt = x Ii. J k J&(t) + c ki. J @ 0 o,-J&(t) i,. :. 

.-( Ai+ Q, Q o. i Bitt) + ,7 rFtt) 

.. + % a 1.J @PO e,JXJ(t),- @POX%. iXi(t), .-I 

where the last two terms due to the spallation have newly been _ 

added to four ariginal terms used for the reactor burnup ’ 

calculation. a,asand 0,~ represent the production rate of SP, 
the spallation cross section and high energy particle flux, _. 

respectively. The equation can be solved analytically by the .. 

Bateman method. As shown in Figure 10, some necessary data are 

feeded from the surrounding codes. When the halflife time of a 

nuclide was not obtained in the prepared data,.it was calculated 

by using the B decay calculation program- SPD@ or guessed from 

the trend of data of nuclides, which are located in the neighbor 

of the nuclide in the Nuclear Chart. The production rate a of. 

SP was computed by using the code NUCLEUS. The spallation cross. 

section has been interpolated or extrapolated from the measured 

datalO> given for proton energy and target nucleus. The new data 

of decay types, decay constants, branching ratios and decay, 

schemes have been compiled in the SPCHAIN data library for .about 

1100 nuclides.“) The the preliminary result in SPCHAIN 

calculations is shown. Figure 11 shows the activity rate 

distribution of residual elements in a 24’Am.target after one 

year cooling after 10 hours irradiation of 1 GeV protons with 10 

mA. The high activity peaks around 2 = 80 just after irradiation 

disappear due to the short halflives of SP and the activities 

buildup to Au, OS and Lu isotopes, whereas the higher actinide 

activity such as Np and Pu increases. So they should be 

transmuted through the continued spallation process. Activi-tie.s 

due to fission products are a few. 

(6) Other codes 1 ACCEL’“‘, SP-ACE ) 
A simulation code system ACCEL had been developed. by 

connecting NMTC/JAERI with the neutron transport Sn code TWCTRAN- 

II through the neutron source .file, accompanying the nuclear 
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data files. This system can calculate all the reaction processes 

occured in the target for the whole energy range less than 3 GeV 

as one computing job as shown in Fig. 12. 

The SP-ACE code system is being developed for designing the 

transmutation -core system driven by proton accelerator in the 

energy range below 15 MeV in reasonable computing time and 

precision. The neutron transport code RABBLE-THERMOS computes 

the region-wise neutron flux, using ultra fine energy group 

constants and the distribution of spallation neutron source, 

which can be obtained from Monte Carlo calculation in NMTC/JAERI. 

These fluxes and nuclear data are utilized to calculate the yield 

of products, heat generation and gamma ray intensity in each 

region by the burnup code COMRAD. 

HI. CONCEPUTUAL DESIGN STUDY OF ACCELERATOR TRANSMUTATION SYSTEM 

We have been promoting the conceptual studies on the TRU 

transmutation in the target-core system driven by an accelerated 

proton beam. 13’* 14’ l la’ For the reaction below 15MeV the Monte 

Carlo neutron transport code MORSE-DD Ia’ was used with 52 

neutron group constants edited from JENDL-2 and ENDF-B4, where 

spallation neutrons calculated by NMTC/JAERI code were treated as 

the source. 

The basic conditions for the system design are (1) 

transmutation of 260 kg of TRU in a year, which is produced from 

ten commercial reactors of 1GWe and (2) good energy balance, in 

which it can generate enough electricity to operate the 

accelerator at least. Here total amount of TRU produced per year 

from 1 GWe PWR is about 26 kg/y, 56 % of which is 237Np. Figure 

13 is the target-core configuration of hybrid transmutation 

system driven by high power proton beam with the energy of 1.5 

GeV and the current of several tens of mA. The tungsten target 

is installed in an TRU-fueled subcritical core surrounded by the 

HT-9 steel container. The system has dimensions given in the 

figure. A beam window is located at a depth of 0.7 m from the 

front face. The heat generated in the TRU fuel is removed by the 
forced circulation of liquid metal coolants Na/Pb-Bi. The core 

consists of metallic alloy fuel of TRU and provides considerably 

harder neutron spectrum than the other types of fuels. The fuel 
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pin cell geometry.;is .shown. inFig. with .a di-ameter’ of A mm 

cladded with HT-$. steel. I .‘ ‘: i .,. - / .’ G .:. . . 

Profiles of the. two-dimensional power distr_ibut.ion for four 

cases ,of ‘the. system cooled.by -Na and- Pb-Bi.; with :and without the 

tungsten .target,‘,were calculated BS shown in: Figures 15 (a) to 

(d), respectively. It is apparent that the power peaking which 

occurs just-ibehind the .beam window .is lower -in the system with 

the tungsten target than in the one without.. i-t due to- .the 

flattening effect fork cases of both coolants. The flattened 

power distribution- allows higher beam .current and increases the 

average number of transmuted*nuclides. The system performance 

for these cases’.was summarized in -Table 2. .In the case: ‘of Na 

cooling and -the tungsten target the maximum thermal power Js 691 

MW and the thermal power is.suffici.ently large to supply .the 

electric power to the accelerator while the beam current required 

for the power is 22.6 mA. Without tungsten target the thermal. 

power is 405 MW with the maximum and average power densities of 

776 W/cc and 159 ,W/cc and its peaking factor is larger. by a 

fatter of 1.7 than the case with the tungsten-target. The 

maximum powers- of Pb-Bi cooled core are considerably lower than 

those of Na cooled one, while the beam current required. is less 

than .% mA. The maximum .trans_mutation rate, 202 kg/year can be 

achieved for the core with the target cooled by Na. The changes 
of concentrations of some-minor actinides.with burn-up days in 

the r.eference system(.-Na cooling, with, tungsten target ) have 

been also calculated, as shown in Fig.16, using the-burnup code- 

ORIGENB . The amounts of n7Np and *41Am at 1500 burning days 

become one half of their initial -inventrkes, while 23ePu and 

242Cm build .up, which are not contaIned in the -initial .loading.’ 
.’ I 

IV. SUMMARY. 

Finaly we summarize the outline of- the present report as 

following items, .i .- 

(1) Developments of NUCLEUS and SPCHAIN codes and-upgrade of 

simulatin codes, i .; 

(2) Analysis of the spallation reaction & cascade process in 

the high energy range for TRU transmutation. and. 

(3) Conceputual design study of hybrid transmuta-tion system ( 
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7 TRU alloy fuelled core type ) driven by an intense proton 

accelerator. In the present design concept the amount of 

TRU produced from about 8 units of 1GWe PWR can be 

transmuted for the case of the core with the tungusten 

: target cooled by Na and with the proton beam of energy1.5 

’ GeV and current 23 mA. 

Furthermore we have the research items in the near future‘as 

(a) Evaluation and upgrades of simulation codes based on new 

evaluated data and data measured in the spallation 

experiments which are being carried at KEK, 

(b) Conceputual design study of hybrid transmutation system 

( TRU molten salt fuelled core type ) ,and 

(c) Analyses of irradiation tests for accelerator structural 

materials and the beam window in the target-core. 
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Table 1 Number of light particles emitted from a uranium target 

nucleus bombarded by protons :with the energies of 380 MeV 

to 2.9 GeV : 

I 

Emitted Energy of incident pro.ton ( ti.eV ) 

particle 1 380 1000 2000 2900 

Proton 0.994 2.924 3.697 3.276 

Neutron I 12.085 16.050 17.319 15.243 

Oeutron I 0.1249 0.7063 0.9108 0.7729 

I 

Triton I 0.0576 0.2719 0.3407 0.2956 

f 

Helium 3 1 0.0010 0.0258 0.0411 0.0361 

1 

Alpha 0.0732 0.2777 0.3079 0.2588 

Table 2 Performance of the TRU transmutation system 

Core system with 

U larget 

Coolant Na 

k-cffcctive 0.92 

Ceam current 22.G 

Thermal poucr(MU) 691 

Power density(W/cc)max 889 

ilve 307 

Uurnup rate of TRU 

(kg / year > 202 

Unil of 3 GWt LWR 7.6 

with 

u ta 

Pb-[l 

0.86 

7.5 

484 

523 

246 

without ui thout 

rgct rget U target u lil 

i Na Fb-u i 

0.94 0.95 

18.4 5.4 

405 163 

776 425 

159 83 

139 114 42 

5.3 4.3 1.8 
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:: 

Fig. 1 Schematic illustration of nuclear reaction and nucleon 

transport process in a heavy metal target irradiated by 

the high energy proton beam. 
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I 

1 
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leokcqe 

,:-i,h 

Fig. 2 JAERI code system for the spallatfon transmutation 
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Fig. 3 Dependence of number of nuclei destructed due to 

spallation reaction on the incident proton energy 
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Fig. 4 Dependence of ‘number of neutron generated in 

spallation reaction on the incident proton energy 
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Fig. 5 Variation of total heat deposition 
as a function of the injected 

proton enenrgy 

(b) 

2 co. . 6. 

Fig. 6 Spatial distributions due to (a) ionization loss energy 

and (b) recoiling energy of SPs and FPs for the 900 MeV 
proton injecting on the uranium target 



0). 

lo-* - 

a 
\ 

v) 

% 
.- 

0 
3 : 

10' 

lo- 

a 
\ 
cn’ 

Gi .- 
u 
2 

16 

1. 

2_ 

-5L 

b) 

I I I I 

180 200 220 240 
A 

IO- 

16 

Q 
\ 

z 
u .- 
0 

2 

16 

‘r 

I’ 
2_ 

.5i 

- z=92:u 
- Z=90:Th 
- Z=BB:Ra 
a-.-+ Z = 86 : Rn 

*-.-I Z,= 84 : PO 

cl 
- Z=82:Pb 

I I I I 

180 200 220 240 

A 

Fig. 7 Mass number,distributions of products with 2 from 92 to 

82 from a uranium nucleus spallated by 1 GeV protons for 

cases -of a) original version, b) extended region and 

c) extended region & Uno Yamada mass formula 

Fig-. -8 Bird eye’s views of 

yields of products 

for the cases of 1 

GeV proton impinging 

on a) uranium and 

b) lead nuclei 



0 

!3Qp 

0) 
= f:+ :%? 

& .:::::.: 
.i.i:. 

’ ,; 
o $;$ 

.:.:.::: 
:::pL: 

$$ 
.:.:.>. 

.I- L..... j-l- I:;:?>. 
: 

4 
. . . . . 

,I 

-I : 
jsg: . . . . . . . 

I 
I-, 

.__.__~! i . 
,i. J ; 

-I23456789 123456789 

24tArn -_ - 

HALF LlFE HALF LIFE 

Clossilicalion by Half -Lite Tit2 

I : OS- < T1/2 < 10% - 6 : 5d < T1r2’ ly 

P : IO-$.c Tvt < I s 7 : ly cT1/2< IOOy 
3. : I~‘cTtn c ‘Im j 6 ‘: 100~ iT112< Ix IO’y 

4 : lmufvt < Ifi 9 :-Stable Nuclides 

5 : i h C Ttr2 e 5 d 

Fig. ,9 Histogr-am of half-life dis~trihuti0n.s of products when .2 

GeV protons bombards on:. a37Np -and 24~‘A,m target nuclei 

NMTC/JAERI 

Fig. 10 Codes surrouding Xhe SPCHAIN code 

316 



0 

tlTOHlt NUHOER I 2 I 

Fig. 11 Activity rate distrfbution,of residual elements in a 

=*‘Am target at the time stage of one year cooling after 

irradiation of ten hours of 1 GeV protons 

Fig. 12 ACCEL code system 
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Oimcnsions in m 

Fig. 13 Target-core configuration of hybrid transw.itati.on. system 
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Fig. 14 TRU fuel pin geometry 
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Fig. 15 Power distributions : (a) Na cooled , tungsten-loaded 

target, (b) Pb-Bi cooled , tungsten-loaded target, 

(c) Na cooled, TRU alloy target, (d) Pb-Bi cooled, TRU 

alloy target 
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ABSTRACT 
^ The results from tialcirlatiens of the neutronic performance of three posGbld’ 

‘solid’ targets and that of the- currentversion of,the liquid Pb-Bi target are 
presented. Two are.‘conventional’ transverse cooled plate structures, one using 
tantalum, the other tungsten. The third is a Pb-shot based pebble-bed design. 
Some general results on the effect of neutron absorption on the perforrnancf! 
of the Pebble-bed target are given. 

2 i, / 
’ ‘ 

1 Introduction , , 

Neutronically, a liquid Pb target will always be the best possible target system for SINQ or 
any high-power continuous neutron source’.(solutions involving fissile maferials discounted). 
The advantages are well known and are, briefly: (i) a high material density in the’neutron 
production region, (ii) a low thermal neutron absorption tress-se&tion,‘(iii) the target mate: 
rial can-be flowed ‘to act as its own ‘primary coolant and has a high heat-transfer capability, 
(),d,-t ‘d g iii ra ia ion ama e to the main bulk of the target material (at least) is not a’major con- 

.’ -_ 
tern. :. 

The realisation of such a.target system has to balance neutroriic requirements with practi- 
cal considerations (material compatibility, safety, reliability etc.). -The prehent ,design has 
a neutronic performance below our original hopes and still raises some doubts concerning 
reliability. The primary purpose of the study ‘was to provide numbers which would allow the 
investment in this target system to be related to thermal neutron flui gain. The neutronic 
performance of .the current design for the Pb-Bi target (including pertinent engineering de; 
tails) and. three alternative targets.has been calculated. Two of the alternatives are based on 
transverse cooled plates of tungsten and tantalum respectively and the third is a Pebble-bed 
of Pb-shot [l]. .Th e comparison of these systems is not strictly ‘fair’ as the alternative tar- 
gets. are only, preliminary concepts .and biased heavily to neutronic. requirements, but some 
preliminary estimates for principal dimension (e.g. plate .thicknesses to allow operation at 
1.5 mA, dimensions that match those for the moderator etc.). are-included. 

319 



To obtain the highest thermal neutron intensity (i) the neutron production should be con- 
centrated in as small a volume as tolerable (which means also that the heat density will be 
high - about 40 MeV is deposited in the target per fast neutron produced), (ii) interactions 
with lighter-mass ‘materials of construction’ which encroach into the ‘target region’ should 
be avoided and (iii) as many of the fast neutrons as possible should be brought to thermal 

energies in accessible regions of the moderator.. ,:. I : . 

All the neutrons will be lost eventually, at best through the outerwall of the moderator, as 

in this way the long random-walk involved leads to the highest concentration of neutrons in 
the moderator and hence neutrons available to the users. The major cause of flux reduction 
is neutron loss in the target region, either in the slowing-down process or as thermals by 

absorption: such neutrons will make only short random-walks and hence little or no contri- 

bution to the useful neutron intensity. Neutron loss in the -region ‘of the target cannot be 

totaly eliminated (e.g. those emitted back into the proton beam direction) but absorption 
loss can be kept to the minimum by the careful choice of materials. 

A brief description [2] of- the models of the individual systems together- with calculation re- 
sults, will be given in the next section. A performance comparison and-some comments will 
be given in section 3. Section 4 will present the results of. a more general examination of the 
effect of target neutron absorption. 

Numbers in square brackets refer to entries in the section “Reference and notes”: some de- 

tails usefull but not strictly relevant to the main theme of the paper have been moved to this 
section together with references.. 

2 Performance of the various target systems 

The calculations [3) h ave been made changing the target system within a fixed model of the- 
SINQ moderator tank system assketched in Fig. 1. The proton beam energy was 570 MeV 
and the beam current density distribution picked from that calculated for the present design 
for the SINQ proton channel [4]: the beam current’density was approximately 17 PA/cm’ at 
the peak (for 1 mA on target) and corresponded roughly to a radially symmetric Gaussian. 
The beam diverges from a focus below the beam window with an angle of approximately 

30 mrad. The results are presented as (i) a two-part table with the distribution of energy 
in the inner parts of the system and the neutronic performance and (ii) a map-of the undis- 
turbed thermal neutron flux [5]. 

(a) Pb-Bi Eutectic Target: the design is fully described in (for example) [6] and the re- 
sults give a reference standard for the flux comparison. The energy distribution and neutronic 
details are shown in Table I and the thermal-neutron flux distribution in Fig. 2. 

(b) Plate Targets: the same conservative (author’s claim) first estimates for the plate di- 

mensions and coolant channel widths, to allow operation at proton currents up to 1.5 mA, 

have been used for both tungsten and tantalum. The systems are. summarised in Fig. ~3. 
DzOis used as the cooling fluid and aluminium as the material of construction. The plate 
stack length was about 21 cm and the neutronically-sensitive region above the target and 
within the limits of the moderator filled with DzO . The tantalum target was modelled with 
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Figure 1: A sketch of the moderator tank assem,bly used in the calcllations. 

The system. iS radially symmetric about the-centre line of the central 

column. Dimensions are in centimetres-and all walls-shotin are of 

‘pure’ aluminium. Each of the target systems is mounted in the 
central column. 
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TABLE-I 

(a) Energy Distribution in the Inner Regions of SINQ 

with the Pb-Bi Target. 

Component 

Target Material 
Guide-Tube 
Container Wail 
Cooling Jacket 
Window Complex 
Central Column 
DsO’ 
Hz0 Layer 
DzO Tank Wall 

dE/dXt’) Gammat21 
MeV/Proton MeV/proton 

382.06 11.25 
16.07 0.64 
2.19 ., 0.15 
0.40 0.02 ” 
9.19 0.75 
0.69 0.03 :’ 

46.87 1.96 
1.08 9.09 
0.24 , 4.03 : 

Absrptns Energy(s) 
/Proton MeV/Proton 

0.235 1.59 
1.053 8.01 
1.324 10.06 
0.436 ” 1.74 
0.170 0.40 
0.253 2.73 
0.839 5.24 
5.144 11.66 
0.656 7.09 

H2 0 Tank Wall 0.09 0.01 0.000 0.00 
TOTALS 458.79 14.93 10.110 48.52 

0 
3 

Notes: 
(1) Ionization loss + Nuclear Recoil + Charged particles to rest. 
(2) Prompt Nuclear Gammas + Pi’zero decay. 1 
(3) Absorption Gamma rays. 

(b) Neutron Production and Loss Information 

Neutrons per Interaction in.Target 6.33 
Interactions per Proton in Target 1.37 
Neutrons per Proton in Tar8et ‘8.70 

. Average Neutron Eriergy 3.42 MeV 
Neutrons per Proton produced outside Target 1.30 
Neutrons produced by Fast Neutrons (/proton) 0.455 
Fast & Epithermal escapes ’ 0.078 
Thermal Neutron Escapes 0.213 
Energy taken by H.E neutron escapes 15.93 MeV 

100 ,k:cml 
1 
-I 

80- 

80 - 

-40 - 

-60 - 

-80 - 

I. 

‘. 

l . 
. 

Ccpl 
-100 ; 1 1 I 

4b 
I I I 1 

0 20 60 60 100 3: 

Radial distance from target axis 
.,.. I 

Figure 2: Contours of equal undisturbed thermal neutron flux iri the heavy 

water for the Pb-Bi eutectic target at 1 mA proton current (see note 

5 (ii)). 



D*d to Z=+lOOcmlll 

(a) 

(b) 

Figure 3: A sketch of the plate target systems. 
a Vertical section: the heavy water above the plate stack extends 

to z = + 100 cm. 

(b Cross-section of a tungsten plate: The 12 x 17 cm2 plates are 

fitted into a 20 cm I.D. 4 mm wall aluminium tube to represent the 

manifold. 

The tantalum plates (not shown) are 18 cm in diameter but also 

include an internal heavy water manifold (see reference 2 for more 

details). 

Extends tOZ=+lo~ 

t Proton Beam 

Figure 6: A sketch of a vertical section through the Pb-shot pebble bed target 

used in the calculation. Dimensions are in millimetres and the target 

extends upwards to Z = +lOOO mm. 



TABL&II 

(a) Energy Distribution in Inner Regions of SINQ 
with a Tungsten Target 

Component 

Target Material 
Heavy-water Gaps 

Heavy Water Dump 

Vessel Wall Complex 
Window 

Central Column 

L’s0 
Hz0 Layer 

Ds 0 Tank Wail 

dE/dX(*l Gamma(*) Absrptns Energyt3) 
MeV/Proton MeV/proton /Proton MeV/Proton 

379.037 12.018 4.961(‘1 29.02 
14.684 1.342 0.000 0.00 
10.294 0.359 0.004 0.03 
4.411 0.185 0.461 4.97 
2.144 0.187 0.007 0.08 
1.086 0.049 0.241 2.55 

35.144 1.754 0.525 3.28 
1.324 0.078 3.234 7.21 
0.328 0.036 0.411 4.44 

HsO Tank Wall 0.065 0.009 0.000 0.00 

TOTALS 448.517 16.017 9.844 51.58 

w 
A ET- onrzation loss + Nuclear Recoil + Charged particles to rest. 

(2) Prompt Nuclear Gammas + Pi zero decay. 
(3) Absorption Gamma rays. 
(4) 58% of this loss during slowing-down. 

(b) Neutron Production and Loss Information 

Neutrons per Interaction in Target 5.64 
Interactions per Proton in Target 1.50 
Neutrons per Proton in Target 8.483 
Average Neutron Energy 3.47 MeV 
Neutrons per Proton produced outside Target 1.102 
Neutrons produced by Fast Neutrons (/proton) 0.453 
Fast & Epithermal escapes 0.055 
Thermal Neutron Escapes 0.131 
Energy taken by H.E neutron escapes 21.40 MeV 
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Figure 4: Contours of equal undisturbed thermal neutron flux in the heavy 
‘water for a Tungsten-plate target at 1 mA proton current (see note 

5 (ii)). 



a more elaborate “minimum-coolant-volume” manifold [2]. The tungsten results are shown 
in Table-II and Fig. 4 and those for tantalum in Table-III and Fig. 5. The quite high loss in 
the slowing-down process (down to 1.46 eV) should be noted. 

(c) Pebble-bed ,Target: this target design was proposed by G. Heidenreich and is described 
in [l]. The geometry of the target used for the calculations is shown in Fig. 6. The values 
for the principal parameters assumed in the calculation were: (i) 50% volume fraction of Pb 
- represented by a homogeneous mixture, (ii) Da0 is cooling medium and (iii) aluminium for 
the beam window and target container. The energy partition, neutron production information 
and flux map are‘in Tables IV and Fig. 7. 

,I 

3 Summary of Results and Comments 

The neutronic information for the four systems is collected in Table-V. The relative perfor- 
mance is obtained from the maximum undisturbed thermal flux at a radius of 25 cm in the 
moderator (a typical beam-tube ra_dial position). The importance of minimising the neutron 
loss in the target region is clearly evident: the lower losses in the ‘Target Auxiliaries’ of the 
Pb-shot pebble-bed target outweigh the better primary neutron production of the Pb-Bi to 
give a higher thermal neutron flux. Neutrons that manage to reach the outer limits of the 
moderator (i.e. absorbed by the HsOor tank walls) are the ones that make the major con- 
tribution to the useful neutron flux: the ‘25 cm’ fluxes in Table-V correlate quite well with 
neutron loss at the periphery of the moderator tank (1.53 f .09 . 1013 n”/cm2/sec/mA for 
each neutron/proton lost at the periphery). Some comments specific to the individual target 
systems will now be given. 

(a) Pb-Bi Target. 

The neutronic performance of this target is about a factor of two lower than a theoretical 
‘best’. The principal causes are:- 

20cm diameter target cf. 15cm . ..20% 
Interactions in guide-tube and other light nuclei . ..lO% 
Absorption in auxiliary material within the target...30% 

0.8 X 0.9 X 0.7 = about 0.5 

The first loss stems from thermo-hydraulic, considerations and could be considered a conse- 
quence of being over-optimistic in defining the theoretical ‘best’. The majority of the loss 
results indirectly from the inclusion of bismuth: it has the primary purpose of reducing the 
melting point and hence operating temperatures, but because of corrossion problems severely 
restricts the choice of materials of construction (presently a nickel-less steel). It also has 
considerable influence on safety system requirements (polonium). The losses also illustrate 
another concern in target design - the compounding of “small” loss factors to give a rather 
large effect overall. Work is in progress to find an alternative structural material. 

(b) Plate Targets. 

The high absorption cross-sections of tungsten and tantalum will always make these target 
materials better to avoid. Tungsten and tantalum are the highest mass materials which also 
have a high melting temperature and hence a good safety margin against melting when in 
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TABLE-III 

(a) Energy Distribution in the Inner regions of SINQ 

with a Tantalum Target 

Component 

Target Material 

D20 gaps and spacers 
Container Wall 

Window Complex 

D20 Dump above Target 
Central Column 

D&J 
Hz 0 Layer 
D2 0 Tank Wall 
HSO Tank Wall 

TOTALS 

dE/dX(‘) 

MeV/Proton 

451.511 

387.722 
15.447 

0.699 
9.227 
2.919 
0.884 
33.254 

1.082 
0.189 
0.088 

Gamma(*) 

MeV/proton 
11.706 

14.874 

0.462 
0.055 

0.608 
0.121 
0.055 
1.731 
0.089 
0.034 
0.013 

Absrptns 

/Proton 
6.086(4) 
0.266 

10.310 

0.067 

0.174 
0.003 
0.175 
0.434 
2.756 
0.349 
0.000 

Energy(‘) 

MeV/ Proton 
9.13 
0.40 
0.72 

25.05 

0.26 
0.02 
1.89 
2.71 
6.15 
3.77 
0.00 

w 
Ob E;“- omzation loss + Nuclear Recoil + Charged particles to rest. 

(2) Prompt Nuclear Gammas + Pi zero decay. 
(3) Absorption Gamma rays. 

(4) About 70% of th e a b sorptions are during slowing down. 

(b) Neutron Production and Loss Information. -80 - 

Neutrons per Interaction in Target 5.80 
Interactions per Proton in Target 1.51 
Neutrons per Proton in Target 8.76 
Average Neutron Energy 3.45 MeV 
Neutrons per Proton produced outside Target 1.14 
Neutrons produced by Fast Neutrons (/proton) 0.56 
Fast & Epithirmal escapes 0.053 
Thermal Neutron Escapes 0.110 
Energy taken by 1I.E neutron escapes 16.02 MeV 
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Figure 5: Contours of equal undisturbed thermal neutron flux in the heavy 
water for a Tantalum-plate target at 1 mA proton current (stt note 
5 (ii)). 



TABLE-IV 

(a) Energy Distribution in Inner Regions of SINQ 
with a Pb Pebble-bed Target 

Component 

Target Material 
First Wall 
Heavy-Water Downflow 
Second Wall 
Central Column 

DzO 
Hz0 Layer 
DZOTank Wall 
HzOTank Wall 

dE/dX(‘) Gamma@) Absrptns Energy@) 
MeV / Proton MeV/proton /Prqton MeV/Proton 

397.69 12.026 0.620 4.59 
2.113 0.082 0.187 2.02 
4.990 0.124 0.007 0.04 

1.523 0.076 0.255 2.75 
1.485 0.063 0.415 4.48 

49.410 2.111 0.915 5.71 
1.491 0.126 5.646 12.59 
0.353 0.042 0.712 7.69 

0.078 0.012 0.000 0.00 

G TbTALS 459.133 14.662 8.757 39.87 

Notes: 

(1) Ionization loss + Nuclear Recoil + Charged particles to rest. 
(2) Prompt Nuclear Gammas f Pi zero decay. 
(3) Absorption Gamma rays. 

(b) Neutron Production and Loss Information 

Neutrons per Interaction in Target 5.682 ’ 
Interactions per Proton in Target 1.298 
Neutrons per Proton in Target 7.375 
Average Neutron Energy 3.42 MeV 
Neutrons per Proton produced outside Target 1.321 
Neutrons produced by Fast Neutrons (/proton) 0.336 
Fast & Epithermal escapes 0.063 
Thermal Neutron Escapes 0.175 
Energy taken by H.E neutron escapes 23.03 MeV 
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Figure 7: Contours of equal undisturbed thermal neutron flux in the heavy wa- 

ter for the Pb-shot pebble-bed target at 1 mA proton current (see 

note 5 (ii)). The Pb filling factor is 50% by volume. The low absorp- 
tion in the target together with the significant .quantity of moderator 
(&O) inside the target itself means that the flux maximum is close 

to or within the ‘target’. 



TABLE-V 

Neutronic data for the four target systems calculated. 

Target System Pb-Bi : W Ta Pb Shot 
Neutron Production 
(i) Target Complex 8.700 .- 8.483 8.760 7.375 
(ii) Moderator Complex 1.300 1.102 1.140 1.321 
(iii) Fast Neutrons 0.455 0.453 0.560 0.336 
TOTAL PRODUCTION 10.455 10.038 10.46 9.032 

0.078 0.055 0.053 0.063 
0.213 0.131 0.110 0.175 

Neutron Loss 
(i) Fast/Epith. Escapes 
(ii). Thermal Escapes 
(iii) Absorption in: 

(a) Target Material 
(b) Target Auxiliaries 
(c) Heavy Water + CC 
(d) Light Water + TWs 

TOTAL LOSS I 10.401 10.030 10.473 8.995 

0.235 4.961 6.086 0.620 
2.983 0.472 0.510 0.449 
1.092 0.766 0.609 1.330 
5.800 3.645 3.105 6.358 

Approx. Flux Maximum 
Radius of flux Max (cm) 
Max. Flux at 25cm radius 
ditto as % 

9 * 1or3 8 - 1013 5.5 * 1or3 1.2 * 1o14 
15.' 17.5 small 

8.5 ?O13 6 n 1013 4.5 ’ 1o13 1 - 1o14 
100 70 53 117 
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operation. Tantahni is neutronically significantly worse than tungsten: its capture cross- 
sections are significantly higher. On the other hand, tantalum would seem to be a fairly 
normal metal, possibly more radiation resistant than a sintered material and has been used 
for (lower power) targets. With about 50% of the neutron flux of the Pb-Bi target system (or 
3.8 times lower than the ‘best)), it should not be considered as a contender for SINQ: that 
is, the plate target is only a possible:alternative if it can be built using tungsten. 

For tungsten, the selected plate dimensions lead to a system which.gives about 70% of the flux 
obtained with the current Pb-Bi design (or 2.8 times lower than for a Pb-Bi target without 
the present loss factors): some of this might be recovered by optimisation, particularly the 
minimisation of coolant in the neutron production region and/or by changing to a high-mass 
coolant (e.g. liquid metal) to attempt reduction of the loss (about 30% of the fast neutrons 
produced) in the slowing-down process. Some reduction of the transverse dimensions of the 
plates should also bring improvement. 

A major consideration could be radiation damage. The tungsten would be in the form of 
one of sintered agglomerates and assessment of how this would stand up to radiation damage 
together with the probable failure modes would need to be considered at an early stage of 
a design study. The major problems could be (i) swelling or other mechanical distortions 
constricting or interrupting the coolant flow and (ii) how to handle the activation, should 
failure modes involve significant fractions of the plate material entering the cooling system. 

(c) Pebble-bed Target. 

The calculations show this design of target to give a higher flux in the accessible regions of 
the moderator than the present Pb-Bi one (but 1.7 times worse than the ‘best’). The actual 
final performance will probably be about the same, in terms of useful neutron intensity for 
the user, when the effect of the flux gradient is included (for a volume fraction of 50%). The 
shot filling density for a practical target should be about 57% (random packing), giving a 
slightly better performance than these calculations indicate. 

This concept is being considered further to see if a practical design ma&taming the neutronic 
performance can be realised [l]. 

4 

4.1 

The Effect of Absorption-on Thermal Fluxes, with a 
Pb-shot Target 

Introduction 

Calculations have been made to quantify the flux loss with the Pb-shot for small increase of 
the effective neutron absorption [7]. The effect of similar increases of the absorption in target 
‘auxiliaries’ can be deduced from these results. 

Two cases have been examined (i) an uniform increase of absorption cross-section throughout 
the whole Pb of the target (to simulate contamination) and (ii) a non-uniform distribution 
of absorber in the ‘neutron-production’ region to simulate the effect of burn-up poisoning. 

This second case turns out to give a rather small effect but is of interest as it provides a 
natural ‘background’ level for assessment of the significance of absorption increase. Whilst 
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any increase is to be discouraged, that at the 10 or so percent level of such a “natural” 

background is not really significant (but the magnitude has to be known). 

4.2 Burn-up Poisoning 

A first look at this problem was made for the Pb-Bi target [8]. The spallation/fission prod- 

. ucts of Pb include most of the well known high thermal-neutron absorption cross-section 

nuclides (see Table-I in reference 8). The production rate for these is about 48 g/mA.year 

(0.7 nuclei/proton) and corresponds to an average effective cross-section increase of about 

190 mb/mA.year but because of the high cross-sections, burn-up limits the increase to an 

equilibrium at about 90 mb. 

we may define an effective average absorption cross-section (G) by:- 

s_= 
208 

c 
.* 

v x 11.3 , 
J&a 

where Nl is the number of gramme.atoms and al the capture cross-section for nuclide I, V is 

the volume of the interaction region. The nuclide production rates come from the Bateman 
equation:- 

&” = -AiN; - *i&t)Ni + G fijXjNj + Cgikgk4(t)Nk 
j k 

where Ni is the amount of nuclide i (g.atoms) and where Xi is the decay 
nuclide i, ai the capture cross-section, fij, Xj & Nj give the decay feed from 

Nk the capture feed from Nk. 

constant for the 

Nj and gik, uk & 

The thermal flux, c#(t), is a function of both ti_me and position within the target making the 

equations non-linear. As the first step in the solution of the equation, equilibrium flux distri- 

butions [9] for fixed average absorption cross-section increases (50,180,360 and 540 mb) have 

been calculated, using a spatial distribution of absorbing nuclides based on that for energy 

deposition in the target. The average thermal-neutron flux in the production region of the 

target varies between 1.35.10’4 n”/cm2/sec/mA with pure Pb and 1.08.10’4 n”/cm2/sec/mA 

at +540 mb: this slow variation means that solutions of the Bateman equation with step-wise 
variation of thermal neutron flux should give adequately accurate answers. The calculated 

build-up of average absorption cross-sections for three fixed neutron fluxes are shown in Table- 

VI. Using the flux-to-peripheral-loss correlation of section 3 and the peripheral losses from 

the flux calculation (6.303 f 0.032, 6.165 f 0.033, 6.022 f 034 and 5.914 f 0.036 respectively 

for the four average absorption cross-section increases), interpolation indicates a reduction 

of the undisturbed thermal-neutron flux in the region of the beam-tubes of about 1.5% after 

2 ma-years operation, rising to approximately 2.5% after 10 mAeyears. The effect is rather 

small. 

4.3 Uniform Increase of Absorption 

The undisturbed thermal-flux in the moderator has been calculated for five cases in which 

the effective absorption cross-section of the Pb (170 mb) h as b een (arbitrarily) increased by 
10, 100,200, 300 and 400 mb [9]. Th e 1 oss at 3 different heights in the moderator tank at a 
radius of about 25 cm as a function of cross-section increase is shown in Fig. 8. The general 
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Table-VI 

Calculated average absorption cross-section contribution (mb) from spallation products as a 

function of operation time and for three different thermal fluxes. 

Flux Operation Time (mA years) 
units of lo’* 0.027 0.27 1 2 5 10 

0.0 5.1 51 187 376 943 1890 
1.35 3.5 18 31 43 65 80 
1.13 3.7 19 34 47 71 89 

% Flux 

loss 

Z=lOtol2cm 
Z= 0 to 2cm 

Z=-10 to 8cm 

Added thermal neutron absorption cross-section 

Figure 8: The percentage flux-loss at three different heights relative to the 

target beam-window and a radius of 25 cm as a function of added 

absorption cross-section. 

trend is for the loss to be less as the distance from the target increases: at typical distances to 
the beam-tube tips (circa 25 cm) an extra 170 mb (a doubling of the absorption cross-section) 
gives a 4 to 5 % undisturbed flux reduction. 

The results indicate that (for example) an 1% admixture of Sb (acap = 5.4 b) would give at 
least a 1% loss (there will be additiona loss due to the fairly ZaTge (175 b) resonance integral 
which has NOT been considered). 

4.4 General Considerations 

The neutron loss accounts are summarised in Fig. 9, where the loss in the various components 
of the system has been plotted as a function of additional absorption cross-section. The curves 
show the rather obvious effect that neutrons absorbed in the target (or anywhere in the inner 
part of the system) are lost to the number which reach the outer limits of the moderator: 
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Figure 9: Thkmal neutron absorption by the various components of the target- 

moderat& system as a function of the added absorption cross-section 

in the target. Values shown with dots are for results with a uniform- 

density absorption increase and with crosses from the burn-up poi- 

soning estimate (values for target material and periphery losses only 

included). Lines are drawn only as eye-guides and error bars indicate 

the statistical error in the estimates only. 
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this leads to an almost pro-rata reduction of the thermal neutron flux; the slight reduction 
of the loss in the other components comes from (and is a measure of) the average -reduction 
of neutron flux in their vicinity due to these lost neutrons. : . . 

The neutron absorptions (P/proton) at the periphery of the moderator tank fit (with a 

correlation of 0.9997) the relation:- 

p‘ = 
.6.886 

1 + 0.1225 x,cr+, 

where a,, is the added cross-section in barns and the relation. simply expresses that the flux 
reduction is the ratio of the number of neutrons reaching the moderator tank wall with and 
without the extra absorption (absorption loss is proportional to flux) and system escapes 
(fast and thermal) are mainly geometry dependent and hence constant. 

The target and periphery neutron-loss results from the burn-up poisoning calculation have 

been included into Fig. 9 and show (on a pro-rata average absorption increase basis) a signifi- 
cantly smaller effect. In some respects, one could say that the average cross-section-as defined 
is not a correct measure of its significance. The +540 mb average corresponds to about 2.8 b 
in the innermost region of the target and the calculations show that for the Pb-DsO mixture, 

this region is quite well decoupled from the moderator. 

Two practical consequences from all this are:- 

5 

1. 

2. 

3. 

Special treatment of the Pb in the inner (high heating, activation etc) regions which 

leads to a somewhat high effective absorption cross-sections can be tolerated (Note: 
if such treatment also involves significant increase of the resonance integral, it would 

probably not be tolerable9 

The major importance of maintaining low absorption cross-sections for components at 
the outer limit of the target (particularly the container walls). Being adjacent to the 
moderator, these must necessarily “see” high thermal fluxes. Only 6 to 7 no/proton 
are available to produce the thermal flux. With the ‘pure’ aluminium used in the 

calculations, 0.44 no/proton are lost: a doubling of the absorption (i.e. another 0.44 

lost neutrons) will mean a loss of the order of 7 %. 

References and Comments 

See contribution to these Proceedings : F. Atchison & G. Heidenreich, “A Solid Target 

for SINQ based on a Pb-shot Pebble-bed”. 

This report is a condensed version of two internal SINQ reports,by the author: SINQ/816/AF38 
001 and SINQ/816/AF38-003. 

The calculations have been made with the HETC code for the high-energy transport 
calculations and a locally extensively modified version of the 05R code with ENDF/B- 
IV cross-section data for sub 15 MeV neutron transport. 
Thermal neutron transport uses the perfect-gas scattering function and fluxes have 
been calculated from both track-length and collision density estimators and a stopping 



criterion of less than about 5% statistical fluctuation in the ‘higher’ flux regions. The 

two separate flux estimates are in reasonable agreement. 

4. U. Rohrer (SINQ Internal Communication). 

5. (i) The calculations use undisturbed fluxes (the beam-tube structure in the moderator 

tank has not been included). Neutron flux is used in this report as a measure of 

performance (nothing more) and on the basis that the most “useful neutrons” will be 

diverted to the user when a beam-tube is inserted into a region with the highest flux 

(calculated or measured) without the beam-tube. Thermal neutron flux is a potential 

function and obtains its units (/ unit area/unit time) from the multiplication of the 

probability (per unit volume) of finding neutrons at a given position by their velocity: 

that is, the flux is a measure of the neutron motion maintaining the density distribution 

and not physical transport. Physical transport of neutrons leads to a flux gradient, so 

the actual intensity at the monochromator remains a somewhat open question. 

(ii) The flux maps have been prepared using double logarithmic interpolation in both the 

R and Z directions of the data from the path-length estimator. No data smoothing has 
been made: the clear separation of the contours is additional evidence that the solution 
has converged. The localised irregularities on the contours come from the the irregular 

volume mesh used and the residual statisical fluctuations and are not considered to be 
physically significant. 

6. See contribution to these Proceedings : M. Dubs and J Ulrich, “Design Considerations 

of the Target Window”. 

7. Commercially available Pb shot would be-used which will have a higher effective thermal 

absorption cross-section. An assay of a sample indicates an absorption increase of less 

than 60 mb. Using the results of this study, this would correspond to a flux loss of the 

order of 1 or 2% and not significant. 

8. F. Atchison, Proceedings of ICANS-VIII, Rutherford Laboratory Report RAL-85-110 

(1985). 

9. All the results in this section have been obtained in a single run of the neutronics codes 

using a parallel tracking technique. 

Q(N.Watanabe): What coolant are you thinking for target other than Pb-Bi? 
What shape and size of block or disk are you thinking for W-target? 

A(G.S.Bauer): The coolant is RO in all cases to minimize absorption but also moderation in the target volume. 
The size of the target disks in the case of W and Ta has not been optimized yet; Only the thickness of the 
plates has been chosen such that the surface heat flux does not lead to subcooled boiling. This leads to about 
20% by volume of @O-content in the target 
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ABSTRACT 

Monte Carlo simulations show that, for the LANSCE split-target of machineable 
tungsten, about 60% of the low-energy (~20 MeV) neutron leakage from the 
target comes from primary (800-MeV) proton interactions. The remaining 40% 
occurs from secondary high-energy reactions in the split-target. Primary protons 
are forward directed; secondary high-energy (>20 MeV) particles are also forward 
directed. Consequently, the neutronic performance of the LANSCE Target- 
Moderator-Reflector-Shield (TMRS) system is not adversely impacted by 
employing a split-target. Implementing a split-target allows us to use flux-trap 
moderators around the void zone between the targets to simultaneously service 
twelve neutron flight paths. 

I. INTRODUCTION 

The Los Alamos Target-Moderator-Reflector-Shield (TMRS) system’ is a neutronically 
efficient target scheme for a spallation neutron source. I conceived the design in 1984, 
and we implemented it in 1985. One of the unique features of the device is the use of a 
split-target (see Fig. 1). This key concept is necessary to employ moderators in “flux- 
trap” geometry around the void space between the targets (see Fig. 2). This moderator 
arrangement allows the LANSCE TMRS to simultaneously service twelve neutron flight 
paths.’ I ran a series of Monte Carlo simulations of low-energy (~20 MeV) neutron 
leakage from split-targets of machineable tungsten as a function of the gap-size between 
the targets. Machineable tungsten used in the LANSCE targets has a density of 
18.3 gm/cm3 and is composed of 97.0 wt % W, 2.1 wt % Ni, and 0.9 wt % Fe. I also 
studied the effects of upper-target length on low-energy neutron leakage for a gap size of 
14 cm. I employed the Los Alamos Monte Carlo Code System* in the computations. 

II. RESULTS 

In all cases, the targets had a diameter of 10 cm. In the target-gap study, the upper-target 
length was 7 cm and the lower-target length, 23 cm. I varied the target gap from 0 to 
25 cm. The computations were done for a point source of 800-MeV protons directed 
along the target axis. The results are shown in Fig. 3. The data in Fig. 3 are referenced 
to a 14 cm gap which is the size used in the as-built TMRS at LANSCE. The major 
reduction (~7%) in neutron leakage occurs in opening the gap to 14 cm. Very little loss 
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(~5%) results in increasing the gap to 25 cm. This minimal loss in neutron leakage allows 
some hope of increasing the LANSCE target gap to more than 14 cm to reduce high- 
energy and fast-neutron backgrounds in materials science instruments. However, one 
must study the effects of target-gap on actual moderator performance for realistic proton- 
beam profiles. These calculations are currently underway in support of the LANSCE 
Repair Project.3 

The essence of the relatively minor perturbations of gap size on split-target neutronic 
performance depends on how low-energy neutrons are produced by spallation reactions 
in the split-target (see Fig. 4). In Fig. 4, about 60% of low-energy neutron leakage 
comes from primary (800-MeV) proton reactions. 4 These incident protons are forward 
directed; hence, it does not matter if the target is split or solid. Secondary high-energy 
particles are also forward directed. The net result is that low-energy neutron leakage from 
a split-target is relatively insensitive (at the ~10% level) to the gap size between the 
targets. 

I also studied the effects of upper-target length on bare-target, low-energy neutron 
leakage for a target gap of 14 cm. For the proton beam conditions stated above, total 
low-energy neutron leakage is relatively insensitive to the length of the upper target (see 
Fig. 5). In these studies, the length of the lower target was varied to keep the total target 
length (upper plus lower targets) to 30 cm. 
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Figure 1. illustration of the LANSCE split-target 
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Figure 2. Illustration of the LAN,SCE Target+l+erator-Reflector-Shield neutron 
production system. . 
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Figure 3. 
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LANSCE Upper-Target Length Study 

Overall Target Length 30 cm 
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ABSTRACT Experimental data are presented on yields and 

spectra of neutrons, emitted from a le.ad cylinder 020x60 cm, 

bombarded by beams of p, d, 3He, 'He, 12C with energies l-7,3 

GeV per unit of ion charge. Measurements have been carried 

out by the neutron moderation technique and with solid state 

nuclear track detectors (SSNTD). The results obtained will be 

used as a scientific base for the power accelerator-based 

neutron sources. 

1. Capability estimations and practicality considerations, 

with regard to large-scale accelerator-based methods of free 

neutron production for the nuclear fuel cycle, have prompted us to 

start gathering the relevant data sistematically. Experiments are 

carried out on some simple targets, placed at the Dubna (JINR) 

synchrophasotron slow ejection channel MV-2, beam line N40. Modest 

efforts are also being made to develop calculational codes. On the 

whole these activities are supported by MuCF program. 

At present there are three targets on our experimental area 

(fig.1): 

a) "naked" thick lead cylinder (as a rule &320x60 cm), used 
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Fig. 1 A sketch of an experimental area with MRTI- . 

IAE targets on beqmline 1140 of synchrophasotron-JINR 
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for measuring neutron spectra by solid state track' nuclear 

detectors (SSNTD) technique; the data obtained are being combined 

with the results of time-of-flight spectrometer, which inhabits a 

neighbouring beam line and deals with thin and modest size targets 

of various materials. 

b) The same cylinder 'in a hydrogenouos moderator for 

measuring yields of neutrons with energies s 15 MeV. 

c) The same lead cylinder again (later also uranium and 

thorium ones) will be inserted into a large uranium blanket of the 

depleted metal (8120x100 cm,full weight 21 metric ton). 

The data gathered will make it possible to obtain reliable 

neutron characteristics for the heavy material targets bombarded 

by slightly relativistic hydrogen ions, i.e. in the energy region, 

where the energy cost of the free neutron is expected to be 

minimal. Moreover, the data would be useful for testing the 

calculational codes and improving their predictive power. Actually 

a calculated pattern of the total absorption of the high energy 

ion in, for instance, quasi infinite metal uranium block is now 

far from certain. 

The experiments with Pb cylinders are now under way. Next 

january measurements will be started with a U target-blanket; work 

on the TOF spectrometer will also continue. However, it is feared 

that the synchrophasotron will be shut-down in late 1991 and 

subsequently dismantled. 

2. The spectrum of neutrons emitted by a thick heavy target 

under the action of high energy ions ("102-lo3 MeV) is rather 

complex and stretches over at least two orders more than the 

fission spectrum, the target size and material as well as the type 

of bombarding ion and its kinetic energy affect it significantly 

also. In order to measure a) the yield of neutrons with energies 

115 MeV from (nonfissioning) extended target, say Pb, we have used 

the well developed neutron moderation technique; b) as to neutrons 

of higher energies the SSNTD technique w+s applied, with some 

modifications to fit our task. 

The first series of the experiments was conducted on the 

beams of p, d, 3He, 'He and I2 C (moderation technique) with 

energies Ei/Zi =l-7.3 GeV per unit of ion charge (for protons 8,l 

GeV) or only p and d beams in the energy interval l-3.65 GeV 
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(SSNTD technique). 

a) In the n8utron moderation experiments the lead cylindrical 

tar@?t,was placed inside a CH, block 1.35x1.2x1.2 m3 (11. Counters 

of thermalized neutrons in 10 channels (parallel to the ion beam, 

i.e. target axes 2). The neutron detector (counters + moderator) 

was calibrated by Ra-Be standard sourse (5.22*105 n/s *2.8X). 

There were neutron counters of three types: short boron (0 0.8x4 

om) and long (0 2x115 cm) filled with 3He or BF,. 

The short counters measured reaction (n,"B) density 

distributions along the beam axis z; the distributions were 

approximated by polynoms of third power and then integrated. The 

long counters integrated These distributions 

we did not observe any noticeable differences 

obtained by the two methods, ,bulk of the data 

long BF, neutron counters. 

The primary ions bombarding the target 

physically. Because 

between the results 

Was gathered with 

were counted by a 

scintillation telescope with l-2% 'errors. At beam intensities 

<105/cycle and of slowly ejected ion pulses 350-400 ms the dead 

times of neutron channels did not exeed 5-6 mcs, so that missed 

counts amounted to 5 1%. An absorption of the high energy nuclear 

cascade in the target is rather full: ths addition of 12-16 cm of 

lead to an initial 6O cm increases the neutron yields only by 

1.5-Z%. 

On fig.2 E-dependencesof the neutron yields Y,/Z, are given 

for various primary ions. Fig.3 shows the yields measured at a 

fixed energy Ei/Zi=2.55 GeV, the yields having been set along the 

abscissa according to param8ter.z2/A2'3: the grater its value .is, 

the more is the share of ion initial kinetic energy lost before a 

nuclear absorption event. 

A hierarchy of the bombarding ions (as to their ability to‘ 

minimize the energy cost of neutron, releasing from the target) 

observed in fig.2, thus seems obvious, because it may 

qualitatively be predicted on the basis of the available data 

on ion-nucleus inelastic 'cross sections and ionization losses in 

extended media. A crude assumption is being done, that the yield 

Is proportional to the mean kinetic energy of the ion left with it 

at the nucear absorption event. These considerations are rather 

primitive, because they do not take some essential issues into 
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account, for example, the energy transfer from a hadron "component 

of the nuclear cascade to an electron-proton one as the ion 

initial kinetic energy rises, but it is not very significant for 

the relative qualitative pattern in a rather limited energy 

interval. 

Fig.4 presents a curve of the neutron yield for protons, 

Yp(Ep), separated from the entire family on fig.2, with an 

addition of the previously published data obtained by the 

moderation technique as well: in Oak Ridge - Chalk River study /2/ 

for Ep=0.47-1.47 GeV,in Karlsruhe group experiments 131 for 

Ep=0.59 GeV, and in ICP-MIPI work 141 for Ep=0.4-0.66 GeV. This 

picture helps to realize a nonlinearity of E-dependances: it is 

hardly noticeable in the energy region of the order of hundreds 

MeV, and appears to be due to an intricate combination of at least 

three reasons. They are a) changing specific ionization losses and 

nuclear absorption-cross sections; b) a steadily enhancing energy 

transfer from h- to e-ph-component of the nuclear cascade in the 

matter; c) an increasing of the mean kinetic energy of neutrons, 

escaping from the target owing to deficiency of the target 

material. 

The cumulative proton data is satisfactorily parametrized by 

the following function 

where E p is in GeV. For deuterons and a-particles [only our data) 

we got 

Ym(Ea/2)/2=-16.3(+1.41+31.3(Ea/2)o'75, 

the upper indices in all three expressions meaning "moderation". 

b) On the same fig.4 the values of neutron yields Ytp(Ep) are 

displayed, which have been obtained by integrating the neutron 

yield distributions over the target surface and the angle 8 (with 

respect to proton beam): dy/dS and dy/de. The distributions were 

measured by SSNTD at EP =l-3.65 GeV. One may get from this data 
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Y~~(Ep)=-4.8(f1.0)+28.6(~2.,5~Ep0,.8s, _ i I. 

where the upper index "t" means *'threshold technique". 

The detectors included a standard set of fissioning layers 

(FD): 235U, 238U, 237Np, 232Th, contacting with a 6 micron thick 

film of polyethylenterephtalat (PETP) (SSNTD arrangement and their 

setting up on the "naked" Pb cylinder and around it are shown 'in 

companion report by Nikolayev et al. 1. To this set we have added 

layers of 
209 

Bi and spaLlation detectors (SD) Cu &d Cd, that 

effective neutron detection thresholds amount respectiveveiy to 

ZQO, b 400 and * 600 Me.V. 

In order to elucidate' the detecting capabilities of the-SD, a 

_ series of axillary experiments was carried out _ with layers of 

Ti,Al,Cu,Cd,,Ta,Pb on proton beam in the energy interval ,0.2-4 

GeV. The efficiences for an entire set of layers in SSNTD, were 

determined, the SD with Cu and Cd layers have the steepest energy 

,dependence of detection efficiency in the near threshold region 

which provides the embracing of a broad energy interval from 0 up 

to m GeV 
The 

spectra) 

cylinder 

neutron yield distributions dy/dS and dy/de (integral 

were measured in various energy groups over the '_ lead 

surface and angle 8. By integrating these one gets the 

total yield of neutrons of all energies (in 471 solid angle): 

Yt=2nR*k S 
60cm 1 

dy/dS*dz=2n 1 dy/dCM(cose I, 
0 -1 

where R is the radius of the cylinder, coefficient k takes into 

account the experimental fact, that (87241% of all neutrons leak 

through the side surface. 

Thus, owing to- the small number of thresholds we get only the 

integral neutron spectrum, i.e. a set of neutron yields in some 

rather broad energy groups. Nevertheless, there exists a 

mathematical procedure for restoring the full spectrum from these 

experimental values (code RESTOR), which is an iterative method 

using some a priori information as a. zero approximation In the 

shape of the energy spectrum. Such information =Y be, for 

example, the well known representation /5/ 
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3 

FO(T)= BIIT,/TO, f-*expt-TO/Tbi JI 
i=l 

__. . 

which satisfactorily describes the spectra of neutrons from thick. 

targets at realistic values of parameters .'ci and To, /6/. The 

additional detectors with high threshold's sharply diminish the. 

relative error 6Y(E) of the cascade h$‘gh energy neutron yield. L 
* 

The code RESTOR results in,energy distributions of neutrons. 

F(E,) and'. yields yJ IE,l for neutron energies,exceeding some: 

threshold values'Enf(O; O:l-;*l; 6; 20; 50; 100; 250; 500 and l-000 
“, ._ 

MeV). Fig:5 illustrates the capabilities of the SSNTD technique,": 

dispIayi&the neutronspectra, which have been measured E =2,55*- 

GeV on 'Rb‘ttirget 0 20x20 cm. at angle 90' by both SSNTD 'an: TOF. 

.tedhniques." The SSNTD seem to b& appropriate for studying neutron 

-fields with.a hard spectrum. 

The spectrum of spallation neutrons generated by deutron beam 

is noticeably softer than in a case when primary particles are 

protons (fig. 6). Fig.7 compares the "hardnesses" of the neutron 

spectra for lead cylinder 0 20x60 cm, bombarded by protons or 

deuterons with energy Ep,, =2 GeV. In fig.8 the neutron spectra are 

given for Ep =3.65 GeV. In the immediate future we are going "to 

insert" the former E p a=2 GeV into quasi infinite uranium ..blanket 

and to compare the rekult _ . 
/. 

obtained .with the.' directly measured 

value for real assembly "beam-Rb target-U blanket" (captures, 

fissions, 237U ect.'). ” 

Finally in fig.9 functions E~=E,/Y, are presented, implying 

the energy~tiost of the free neutron, "liberated" from.. the lead 
.; 

cylinder- .0 -20x60 cm. If the fits for Y, above menthioned are 

used, -then from the condition dE,/dE,=O minima of the functions ‘Ei 

are obta.ined. E pm has a minimum at EPW.2 GeV, functions 6dm and 

E m'are achieved respectively at E&*1.4 and Ea/2XZ.6 GeV. The 
a 
function.$ transits minimum at Ep*l.2 GeV. This fact shows 

apparently"& a slight sensitivity of the minimum position of 
"P 

to a ComRletness of the neutron spectrum, involved in :,a 

determinating the total neutron yield,or to the target diameter.- 
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Fig. 7 "Hardness" 'of neutron spectra for lead target 

920 I 60 cm,bombarded by p and d with energy 2 GeV 

1tf4 10” IO" 

E”J!kV. 
Fig. 8 Neutron spectrum for Pb cylinder 420 x 60 cm, Ep = 3.65 GeV 
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ABSTRACT 

Neutron activation cross sections of C, Na, Mg, Al, Si, Ca, V, Cr, Mn, 

Cu, Zn and Au, which are mostly constituents of accelerator and 

building materials, in the energy range of 10 to 40 MeV, by using semi- 

monoenergetic neutrons from the Be(p,nl reaction. A proton beam of 

energies of 20, 22.5, 25, 27.5, 30, 32.5, 35, 37.5 and 40 MeV hits the 

l-mm and 2-mm thick Be targets which are backed by the water coolant. 

The induced gamma-ray activities of the irradiated samples were measured 

with a pure’Ge detector and of long-lived 
26 

Al were done by accelerator 

mass spectrometry. The activation cross section data could be obtained 

by unfolding technique. 

I. INTRODUCTION 

The radioactivities induced in accelerator and building materials, air and 

drain water by high energy particles, especially intense neutrons, cause 

severe external exposure to the workers in high energy intense accelerator 

facilities. 

section data 

protons have 

energy range 

ENDF/B-V and 

experimental 

files. 

To evaluate the induced radioactivities, the activation cross 

are of basic importance. The activation cross section data for 

ever been published by several workers and for neutrons in the 

of thermal to 20 MeV the evaluated data files exist such as 

JENDL-3. While, on the other hand, there have been very few 

data for neutrons of energy above 20 MeV and no evaluated data 
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Using a simple target system consisting.: of a :iBe..-‘disk backed by a;$ater 

coolant, an intense semi-monoenergetic neutron field for activation experiment 

of energy up to 40 MeV was developed(l): at the Wcyclotron of the Institute 

for Nuclear Study, University of Tokyo. ,Activation experiment at this neutron 

field has been performed with natural samplesof C,. Na, Mg, Al, Si, Ca, V, Cr, 

Mn, Cu, Zn and Au. i 

...). : : i ;G, ‘. 

II. NEUTRON FIELD FOR ACTIVATION-EXPERIMENT : .:. -‘ia . . 2’ “:t. : 

-1. ;. : :.: : ,. 

A proton beam of. energies of 20, 22.5, 25, 27.5; 30, :,32.5;,35,. 37;.5; 40 .MeV is 

extracted ‘from the SF’cyclotron -at the Institute :for-‘Nuclear Study;,Univ. of 

Tokyo and’liits the l-mm thick .(E p= 20 to -37i.5 MeV) ‘an.d 2-mm thi.ck (:Ep~ 40.-MeV) 

Be ‘targets which,are backed by th-e wa-ter~coolant; The water .is -simultaneously 

used to absorb the residual-proton *energy because .of .the small-neutron -producs 

tion cr,oss .section 1of 16O(p:n). ‘: ‘. 

Th,e -neutron. spectr.a -at. 0~ deg were .measured wi.th a 51. mm rdiameter by $1 mm .long 

NE-213 placed at 1.3 m -from- the Be target (1). An n-f discrimination t,ech: 

nique was utilized and the pulse height distribution by neutrons was unfolded 

to an energy spectrum with the revised FERDO code ‘(2). -The measured neutron 

spectra which subtracted the room-scattered components are shown with the 

unfolded errors in .F-ig; 1. In the figure., .the monoenergetic peak neutron 

energy .is indicated for each. proton energy ,an.d the former. is 4 -to 5. MeV lower 

than the latter. The- spectra ‘also have low energy ,tails-coming from: the Be 

target and the water beam stopper. , ’ 

III. MEASUREMENT 

The samples were 

direction at 5 

OF INDUCED RADIOACTIVITY 

irradiated by this semi-monoenergetic neutrons in the forward 

to 20 cm distant from the Be target. The proton beam current 

was kept to be several IJA during the irradia.tion. The. induced ‘gamma-ray. 

ac’tivities of the irradf,ated samp-les were measured with- a pure Ge: detector and 

the ac.tivation rates .were obtained--after -the correction. of self-absorption,. 

parentrdaughter decay and sum-coincidence effects’. The measurement -of .long-- 

lived 26 Al (half-life,of -7.2 x lo5 y) produced by 27 Al(n,2n).. reaction. was .done 

by accelerator mass spectrometry(AMS) which ,has been-equipped at the ,tanden 

Van-de-Graaf accelerator of the Research Center -. for Nuclear Science and 

Technology, Univ. of Tokyo (3). The 26A1/27A1 isotopic ratios were obtained 

by AMS and were converted to the 26 Al activities. 
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IV. 

The 

EVALUATION OF ACTIVATION CROSS SECTION 

measured activation rate, Ai is related 

fEP 

to 

Ai 
=N I a(E) pi dE, 

0 

where i : ith experiment corresponding to each proton energy, Ep 

N : number of target nucleus in a sample 

b(E): activation cross section 

+i(E): neutron spectrum shown in Fig. 1. 

Since the neutron spectrum $i(E) is not purely monoenergetic but has low 

energy component, the b(E) value can be obtained by unfolding this integral 

equation. We finally obtained it with the SAND-II code of iterative perturba- 

tion method (4). the NEUPAC code using J-l type unfolding method (5) and the 

least-square fitting (LSF) method. In the LSF, the absolute value of an 

initial guess of cross section was adjusted to the measured activation rates 

under the condition of preserving its shape as follows, 

J 
EY 

R= & (Ai - k N b(E) +i(E) dE? 
0 

where k is determined to make R minimum. These codes required the initial 

guess. value of a(E) for unfolding, arid they were calculated with the ALICE 

code (61, in case of the lack of any experimental and calculated data. The 

SAND-II code does not give unfolded errors, while on the other hand, the 

NEUPAC code gives the errors propagated from errors of initial guess values, 

neutron spectrum and activation rates. 

V. RESULTS AND DISCUSSIONS 

Most results of activation 

have been obtained above 
37 

cross sections are the first experimental data that 

20 MeV. Some results are exemplified in Figs. 2 to 

6. Figure 2 shows the “Al(n.n)24Na cross section data. Our results unfolded 

by three codes, SAND-II, NEUPAC and LSF, agree quite well each other, except 

that a small bump around 25 MeV can only be seen by the SAND-II unfolding. 

Our data also show good agreement with the data by ENDF/B-V and Greenwood 

as a whole, but are 5% smaller at a peak value around 13 MeV than them. 
23 Na(n,2n)22Na cross sections are shown in Fig. 3. The experimental data 

the theoretically evaluated data are largely dispersed and our results 

(7) 

The 

and 

are 
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close to the experimental data by Maslov et al. and Menlove et al. (8), and to 

the IRDF-85 data file. 

Figure 4 shows the 27 Al(n,2n)26A1 cross section data. Our results given by 

SAND-II and NEUPAC show very good agreement ,each other. Our experimental 

results give a ,little lower values than Iwasakis’ newest experimental data 

around 15 MeV (9). For comparison, the experimental data of 

27Al(n,2n)26A1m (half-life of 6.3 set) crosssection by Mani et al. .(lO) are 

also shown in Fig. 4. The peak value of 150 mb at 20 MeV for 27Al(n,2n)26Aln 

is 1.6 times larger than that of 95 mb at 20-24 MeV for 27Al(n,2n)26Alg, but 

the former value in the lower energy region is much smaller than the latter 

value. 

For nat Si(n,XnYp)28Al cross section data shown in Fig. 5, the SAND-II results 

have slightly larger peak value around 12 MeV than the NEUPAC results. Our 

results are compared with the theoretical 28 Si(n,p)28A1 cross section data 

given by the IAEA compilation (11), and are about 10 to 25 L smaller than the 

latter between 10 and 15 MeV. The nat Cu(n,Xn)62Cu cross section data are 

shown in Fig. 6. Our results unfolded by three codes also show good agreement 

within their unfolded errors. The IAEA data for 63Cu(n,2n)62Cu (11) give 

about 30 to 40 % higher values than our results and the GNASH calculation for 
nat Cu(n.Xn)62Cn by Yamamuro (12) gives closer values to our experimental data. 

The authors wish to thank to Drs. H. Nagai and K. Kobayashi and Mr. H. 

Yamashita for their kindful cooperation on the 26A1 measurement by the AMS 

system. This work was financially supported by a Grant-in-Aid for Cooperative 

Research of the Japanese Ministry of Culture and Education. 
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Fig. 1 Semi-monoenergetlc neutron energy spectra for proton energles of 20, 

22.5, 25, 27.6, 30, 32.5, 35, 37.5, 40 MeV 

n 

Fig. 2 Me&&red S2!Al(n;uj2?Na cr9ss section qata, Iqgether .w).th, the cited 

data ., 359 
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ABSTRACT 

.This paper describes (i) 'benchmark experiments of intermediate energy 
neutron transmission through iron, lead and graphit,,J+e shields and (ii) 
estimation.of thick target neutron yield by high energy He ions. 

In the neutron transmission experiments, a collimated beam of neutrons 
induced by 65-MeV protons in a thick Cu target was utilized in the 
measurements; Monte Carlo .calculations by MORSE were carried out with the 
DLC-87 Hilo multigroup cross sections. It was found that .the DLC-87 data 
reproduced the measured data well for the graphite shield, but gave partly 
higher values for the iron shield, and overpredicted the lead transmitted 
spectra. 

for 
putron yields for stopping-length target of Cu and Be were estimated 
He ion bombardment with the intranuclear cascade evaporation Monte 

Carlo code, HETC/KPA-1. The results were .obtained for ion energies from 
100 MeV/u to 800 MeV/u. The neutron spectra tiere fitted to simple 
evaporation spectra and the systematics y the nuclear temperature was 
studied. Total neutron yield per incident He ion was about 5 times larger 
than that per proton. 

I. Introduction : 

Treatment of neutron reactions in the energy range above 15 MeV up 
to 100 MeV is the most difficult 'part inthe neutron transport calculation 
in high and intermediate. energy range. The validity of the intranuclear 
cascade model, which has been very often used for the neutron transport 
calculation for high energy accelerators, is limited below several tens 
MeV energies. Multigroup cross section data DLC-87/l/ are often used in 
this .energy range. The data were evaluated partly depending on the 
intranuclear cascade evaporation model. However, there are very few neutron 
benchmark data which enable ones to test accuracy of neutron transport 
calculations in this energy range./2,3/ 

The objective of the first half of this paper is to provide benchmark 
data .in this energy range for neutron transmission calculation through 
several materials. 

The remaining part of this paper treats the neutron production from 
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thick targets bombarded.by 4He,ions; " The work was'done mostly for the design 
calculation‘ of- a 'heavy ion ,medical accelerator HIMAC. The accelerator is 
now proceeded to be built by the National Institute of Radiological Science. 

. ,’ .Several experimental,, works on thick+arget.,'neutron- yield have ever 
been4published in.,-the 'energy ;regionof'-'100 to 800 MeV tirotons/4-7/i 'but 
for He ions of energy higher. t$an '100. M&/u; -only one' 'experimental data 
exist for 710 MeV (177.5 MeV/u) He4ions./8/ We estimated the thick-target 
neutron yields for 100 to 800 MeV/u He ion bombardment, 
intranuclear cascade evaporation Monte Carlo code./9/ 

using the-HETC/KFA-1 

, : 
_. ,. : .’ 

-II. 

(1) 

Benchmark Experiment for Neutron.Penetration thkough Shields L: ‘. . ‘: ‘. . . :. i . 

Experimental Method -, 

The experiment was made at the AVF cyclotron facility of Osaka 
University. A l-cm thick (proton stopping range) Cu target was irradiated 
by 65-MeV protons and generated neutrons in the forward direction were pulled 
out to an experimental room through's 7;5-cm diameter'iron-lined concrete 
collimator. of 50-cm length. 
1. 

The experimental. setup is depicted in Fig: 
Experimental systems were set at locations very close to the collimator 

exit. Those were -iron, lead and graphite shields of the size- of about.40 
cm by 40 cm in cross“section and 10 cm to -100 cm in thickness. 

Transmitted neutrons were measured just behind the shield system by 
a 3-inch (7.6 cm) diameter by 3;inch height NE-213 scintillator. The‘back- 

,I 
S-7.&m 

+37&m 1-t --+ 1.10 -1OOcm 

Forhdy cup 

Fig.1 Experimental arrangement 

- 

Fig.2 Transmitted neutron spectra 
through iron shields 
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background data were obtained in the same geometrical condition except that 
the collimator was closed by an iron plug. The source spectrum was measured 
without the shield. 

The obtained neutron pulse-height spectra were unfolded to energy 
spectra by FERDO-U code./lO/ 
were constructed from measured 

(2) Calculation 

Required response fucntions for the unfolding 
response data./ll/ 

The calculation of the transmitted neutron spectra through the 
shields was made by the MORSE code/l2/ with multigroup cross sections 
DLC-87./l/ The experimental geometry after the collimator exit was simulated 
in the calculation. The collimator was not included in the model. Instead, 
source neutrons generated based on the mectured spectrum were emitted from 
the target within a sharp cone of 3.14 x 10 sr. 

(3) Results of the Benchmark Experiment 

Neutron transmission spectra behind the iron shields are showed in 
Fig. 2. The measured spectra exhibit some sort of fluctuation as the 
shield thickness becomes larger due to poorer statistics. The overall 
agreement between the calculation and the experiment is well except that 
the systematic disagreement is seen at energies 15-30 MeV. 

There are several reported measurements of the total cross sections 
and a few experiments for nonelastic cross sections of iron for neutrons 
above 15 MeV. The data in the DLC-87 are compared with those measured data. 

L*-‘yd I’0 2b 3b ‘a 20 20 710 do 
NEUTRON EN”ER‘T (HEVI 

Fig.3 Transmitted neutron spectra 
through lead shields 

,,.i,,*_ 
NEUTRON E&r tnEv~ 

Fig.4 Transmitted neutron spectra 
through graphite shields 
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It was found that the underestimation of the iron total cross section is 
made at energies 15-30 MeV in the DLC-87. This is .the. reason for the 
overprediction of the transmitted neutron fluxes by the MORSE/DLC87 
calculation observed in the corresponding energy range.' 

Figure 3 shows comparison of the lead transmitted neutron spectra 
between the MORSE/DLC-87 calculation and the experiment. The MORSE 
calculation overestimates the spectra very much in the energy range above 
15, MeV, the tendency being pronounced as the lead shield becomes thicker. 
Because of this overestimation, the fluxes in the lower energy range below 
15 MeV are also slighly overpredicted for the 30-cm thick shield, probably 
through the down scattering of neutrons from higher energies. 

The DLC-87 lead cross section data were examined by comparing the data 
with some of existing measured data. The elastic scattering was ignored 
in evaluating the lead data above 15 MeV, and nonelastic cross sections 
were treated as total cross sections in the DLC-87. This is the main reason 
for the overprediction of transmitted fluxes. Moreover the nonelastic cross 
sections seemed to be somewhat underestimated above 20 MeV. This may be 
another reason for the overprediction of the transmitted neutron fluxes. 

Neutron spectra transmitted through graphite shields are shown in Fig. 
4. The overall spectra of each set of data agrees well with each other. 
A weak underestimation by the MORSE/DLC-87 calcuiation is observed at. the 
lowest energy part below 10 MeV. The reason for this is still not clear. 
The big depression in the measured energy flux of the go-cm thickness around 
30 MeV is. due to the subtraction of the oscillating background spectrum. 
A small fluctuation is also seen in the measured 60-cm spectrum. 

III Estimation of Thick Target Neutron Production for 4He Ions 

(1) HETC Calculation and Comparison with Experiment 

Neutron production by 4He ions was simulated using the HETC/KFA-1 Monte 
Carlo code to generate systematic neutron source data for the design of 
the HIMAC heavy ion medical accelerator. 

Before doing systematic calculations of the neutron yield, the 
calculational accuracy of the HETC/KFA-1 code was checked by comparing the 
results with the measured data by Cecil et al. They measured energy spectra 
and total yield of neutrons produced from a stopping length iron target 
(10.2cm by 1Si4 cm size and 4.445 cm thickness) bombarded-by 710 MeV He 
ions. 

Figure 5 shows the comparison between the measurement and the HETC 
calculation. Results of the HETC calculation were integrated over angular 
intervals of 0" to 30", 30" to 70", 70" to 110" and 110" to 180" by the 
SIMPEL code to decrease the statistical errors. For direct comparison, 
the differential neutron yield data of Cecil et al. (given ,at angles 0", 
6", 15", 30", 45", 60", 90", 120", and 150') were also integrated over the 
same angular intervals. 

It is seen in the figure that the HETC calculation gives the 
overestimation of absolute neutron yield in the forward direction, 
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Table I Targets assumed in the neutron 
yield calculations 

Energy of a-beam Target 
E. IMeVl Mote;iol HxWxL (cm 1 Number of History 

000 cu ‘20X20X40 15600 

600 

500 

225 

I 00 
500 

x30 20000 

x20. 20000 

XI0 20000 

20000 

I0600 

S totisticol Error 

< I % 

Fig.5 Neutron spectra produce{ from 
thick iron target by 710 MeV He 

particularly ,in the lower energy range. .This overestimation becomes less 
with the emission angle.. The calculated spectra are softer than the measured 
spectra at all angles. This tendency is also shown in4thick-target neutron 
data for protons in kefs./4-7/, but more remarkable for He ions. 

The total integrated neutron yield above 10 MeV was calculated. It 
was 0.65 neutron/ion. It is in a good agreement with the experimental value 
of 0.51.neutron/ion, being 1.27 times the measured value. 

From this comparison it was revealed that the HETC code gives reasonable 
estimation of total neutron yield. 

(2) Estimation of Neutron Yields 
(i) Calculational method 

The HETC calculations were performed for several 
4 
He energies. and the 

target materials indicated in Table I. The target thickness was set to 
the stopping length of the incident beam. Copper was selected since it 
was main material in magnet, and beryllium was considered in the HIMAC design 
as a target for secondary radioactive beam production. The history numbers 
of the calculations were 20000 at maximum and the statistical errors in 
total yield were less than 1%. 

To test the difference of neutron yields between .4ve and p beams, the 
HETC calculations were.also made for copper target-with the incidence of 
225 and 500 MeV protons, and for the beryllium target with 500 MeV protons. 

(ii) Results of Calculation 
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ProjectilL kinetic e!ergy j. MeV 1 

Fig.6 Nuclear temperature 
the equilibrium component 

of 

Emission Angle (deg 1 

Fig.7 Angular distributions of 
calculated neutrons 

Calculated differential neutron yield data. were fitted by the 
phenomenological hybrid expression proposed by Nakamura/l3/ with the 
evaporation spectrum plus two maxwellian-type. spectra. The first term 
expresses the equilibrium component and the other two are for nonequilibrium 
neutrons. 

. . 
Figure 6 shows .the nuclear temperature of the equilibrium component 

as a function of projectile kinetic energy. The figure indicates that the 
nuclear temperature increases with increasing the projectile kinetic energy 
and with decreasing the target mass. It approaches a saturated value at 
energies higher than 100 MeV. 

The angular distribution of the neutron,flux was obtained.by integrating 
the spectra over the neutronenergy. The. obtained fluxes for the,.copper 
target are shown in Fig. 7 for -each .of the cascade and evaporation 
components as a function oflthe angle., The angular distributions of the 
cascade and total neutron yield'-can be roughly approximated by the 
exponential shape of 4 = exp(- PO). The beta values 'are showed in Table 
II. . 1 

: 

Figure 8 shows the total neutron .:yield as a .function of: incident 
particle energy per nucleon. 
to those given in Ref;l4; 

-The4results.obtained in this work., are added 
For He projectiles,:two dashed curves .for C 

and Cu targets were given-by connecting -experimental data./l4/ The present 
results are higher than the extrapolation of the curves to higher energies. 

: : .: . 

It is noteworthy that the total neutron yields of Ref.14 were estimated 
values by assuming the pure Maxwellian--distribution to extrapolate measured 

.- 

-. . 
. ‘_ ,, .; : 
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low energy neutron spectrum to further lower energies where data were not 
given because of the discrimination of the measurement. In the HETC 
calculation, there were excess number of neutrons at lower energies whose 
spectrum was not represented by the maxwellian distribution. Those may be 
due to the neutron multiplication and energy degradation in a bulky target. 

For the 500 MeV/u energy, the ratio of neutron yield by 
4 
He to that 

by proton was 4.37 for the Cu target and 4.15 for the Be target. This was 
almost equal to the ratio of number of nucleons in the projectiles. 

Table II Beta values for exponential 
formula of neutron angular distributions 

Incident particle ener;y,MeV/u 

Fig.8 Neutron total yield as a function 
of ion energy per nucleon 
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Q(I.M.Thorson): Did you do one "bad" geometry experiments when you did your “good” geometry experiment? 
A(K.Shin): Since the background level in the counting room is rather high, it is not possible to measure scattered 

neuirons. However, it is very important thing to obtain informations in a bad geometry. 
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ABSTRACT 

Viewing the liquid Dz cold moderator of the spallation source SINQ, a 
neutron guide system will be provided to achieve au efficient transport 
of subthermal neutrons to the instruments in the remote experimental 
hall. Four separate neutron guides are forseen, with an option for a 
fifth one to be installed in future. The concept of guide shielding and 
performance includes a set of shutters, situated at the outside of the 
main target shielding, with the dual purpose of shielding the radiation 
from the target and inner shielding in the closed position and guiding the 
neutron beam in the open position. This latter function imposes strict 
requirements on alignment accuracy and mechanical stability while the 
necessity of shielding high energy neutrons from the spallation target 
implies the use of bulky shielding. The technical concept elaborated to 
fulfill these requirements is presented. 

I INTRODUCTION 

One of the significant features of the SINQ spallation source is a large liquid Dz cold source which, 
due to an optimum position near the flux maximum in the heavy water moderator, will provide a cold 
neutron flux which is comparable to most medium flux reactors ./l, 2/. Initially four neutron guides 
with large cross-section (120 x 50 mm2) are planned which start in the main shielding at a distance 
of 1.5 m from the source. Additionally an option -has been retained- in the design of the system, in 
particular the in-shielding part, to install a fifth guide at a later stage. Moreover promising results 
in the development of high quality multilayers at PSI /3/ and elsewhere make us confident that high 
divergence coatings will enable us to optimize the guide system for high transmission even at relatively 
short wavelengths. This requirement together with the desire to retain large cross-section beams leads 
to rather long line of sight lengths, which may to some extent be reduced by the use of channelled 
guides /4/, and necessitates the installation of beam’shutters which are capable of stopping the small 
but problematic flux of high energy neutrons leaving the target. At SINQ two such shutters (each one 
serving two guides) will be situated at the outside of the main shielding;. Fig. l., in a heavily shielded 
enclosure. Because of the restricted space available, aud the possibility of installing a fifth guide and 
shutter-at a later date, the shutters operate by rotation about a horizontal axis perpendicular to the 
guide axis. 
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In addition to functioning as a high energy neutron beam stop the shutter system must fulfill certain 
other requirements: 

In the open position maximal transmission of neutrons must be assured so that the shutter 
comprises a section of guide which must be aligned to within the nominal tolerances (0.01 mm) 
of the subsequent system leaving a minimum gap between successive sections and taking~into 
account thermal distortions. 

Due to the fragility of the glass guide section and the required alignment accuracy opening and 
closing of the shutter must be carried out in a controlled manner to prevent shocks. In the 
present design the closing/opening time is of the order of 3 minutes. 

The shutter must close automatically under conditions of power or compressed air failure or 
when access is attempted into radiation controlled areas of the guide system. For this latter 
purpose end position indicators are branched into a security system. 

The shutter will remain under vacuum to reduce neutron flux losses. 

All the above requirements have been integrated into the detailed technical concept elaborated in the 
next section. 

II TECHNICAL CONCEPT 

2.1 Mechanical construction 

As shown in Fig. 2 the main component of the shutter is a large drum, 1880 mm in diameter and 700 
mm wide, weighing 16 tons which, for ease of construction, is made up in two parts which have been 
stepped to prevent gaps in the shielding. The material for the drum has been selected according to 
the requirement of minimum Co ( < 0.01 %) and Cr ( < 0.8 %) content, which may be guaranteed by 
suppliers, and depending on cost estimates will be either Steel St 37-2 or cast iron. 

Two, 2 m long guide sections separated by an angle of 2 degrees will be pre-aligned in a boral jacketed, 
aluminium housing which is in turn mounted on three adjustable supports within the drum. The 
shutter housing is essentially in the form of a flat, hollow cylinder, 2080 mm in diameter, made up of 
25 mm thick steel walls to which a 50 mm-thick plate is welded on one side and a similar coverplate is 
mounted with vacuum flange on the other side. The shielding drum turns on two precision bearings 
mounted in the centres of these two plates. 

Taking into account the desirability of reducing to a minimum the gaps between successive sections of 
guide, the simplest solution for introducing the guide sections immediately preceeding and following 
those in the drum is to align them directly in extensions mounted on the shutter housing as shown in 
Fig, 2. Furthermore the ends of these connecting guide sections and those of the sections mounted 
in the drum will be cut in the form of an arc centred on the axis of rotation of the drum. In this 
way the gap between successive reflecting sections can be reduced to 2 mm. The complete shutter is 
mounted by means of three adjustable supports onto a positioning trolley which runs on a rail system 
allowing the whole system to be rolled away from the main shielding prior to removal by means of 
the lifting rings mounted on top of the housing- The rails are mounted on a steel ground plate which 
is underlayed with cement for correct alignment and the positioning accuracy of the trolley in the 
forward position is guaranteed by a reference pin. The total weight of the shutter system is 20 tons. 



2.2 Drive system 

Closing the shutter involves turning the &id-ding, drum by 90 degrees thus bringing the guides into 
the vertical position. This is achieved by means of a large oil filled- hydraulic cylinder operating on a 
rack and spur gear mounted on the side of the shutter housing. 

Although compressed air is readily available at PSI, the tendency for vibration in a ‘compressed air 
drive system makes it unsuitable for the precison and control required in the present application. Thus 
we have chosen to use a hydraulic medium transformer (compressed air/oil) which guarantees a slow 
and controlled rotation in both directions. The rotation speed can be adjusted by means of a throttle 
valve as indicated in Fig. 3. 

The end positions are defined by contact of a cam on the shutter housing cover plate which comprises a 
shock absorber ensuring a gradual decrease of the rotation speed as the end positions are approached. 
In addition the accurate rotation of the drum is aided by’a guide bearing mounted on the housing 
and running in a channel on the outer edge of the drum. This channel is so positioned to provide 
the necessary asymmetry in the drum which causes it to close automatically under loss of power or 
compressed air. 

. 

2.3 Adjustment of the guide elements. 

The guides in the aluminium housing will be pre-aligned by the manufacturer before introduction into 
the drum. The horizontal alignment is guaranteed by the wedge shaped form of the housing itself 
while the vertical adjustment is achieved by means of the three adjustable supports and facilitated by 
the provision of reference surfaces and pins on the outside of the shutter housing. In a similar way 
the connecting guide sections in the extension mountings may be adjusted to match the prealigned 
sections in the drum. Finally the entire shutter may be aligned with respect to the rest of the guide 
system by means of the three large adjustable supports on the positioning trolley. 
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Q(I.M.Thorson): Are the shutters certainly necessary? For what? What is their&t? .’ ,* 

A(W.Wagner): The shutters may not be absolutely necessary , but they certainly are helpful. They allow 
modifications at the neutron guides, e.g. at the instrumental position, with the target in operation, and fast and 
easy access to the neutron guide shielding bunker after the target is shut down. The estimated cost is about 800 
kFr. 

-. ., 

: ( ‘. 
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The first meeting devoted to cold-neutron sources was held at the Los Alamos National Laboratory on 
March 5-8,199O. Cosponsored by Los Alamos and Oak Ridge National Laboratories, the meeting was 
organized as an International Workshop on Cold Neutron Sources and brought together experts in the 
field of cold-neutron-source design for reactors and spallation sources. Eighty-four people from seven 
countries attended (see photograph). Because the meeting was the frost of its kind in over forty years, 
much time was spent acquainting participants with past and planned activities at reactor and spallation 
facilities worldwide. As a result, the meeting had more of a conference flavor than one of a workshop. 

As part of the workshop strategy, a list of questions to be addressed were sent to the participants prior to 
the meeting. The general topics covered at the workshop included: 

l Cold source design criteria 
l Neutronic predictions and performance . 
l Energy deposition and removal 
l Engineering design, fabrication, and operation 
l Material properties 
l Radiation damage 
l Instrumentation 
l Safety 
l Existing cold sources 
l Future cold sources 

As can be seen, a wide range of topics, from cold-moderator neutron physics to engineering and 
operation of cold-neutron sources were discussed. 

The meeting began with review presentations on existing cold neutron sources, including design criteria, 
current design, and source performance. Calculational techniques for neutronic performance and 
available measurements on the neutronic performance of various sources were also covered on the first 
day. Design considerations for cold-neutron sources, including optimization, heating rates and heat 
removal, materials properties, radiation damage and safety, were covered on the second day. The third 
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day. was devoted to proposals for new cold-neutron sources at both reactor and spallation facilities; this 
day also included a poster session and a tour of the LANSCE facility. 
devoted to summaries. 

The morning of the last day was 

Here are some highlights of the items discussed at the meeting. Liquid deuterium and supercritical 
hydrogen appeared to be the favored choices for new cold-neutron sources at reactors. Minimizing 
energy deposition in the walls of reactor cold-source containers could be an improvement that could 
affect the engineering design of cold-neutron sources. Most attendees generally felt that neutronic gains 
at reactor cold sources will most likely come from more efficient coupling of the neutron source to the 
neutron&am transport system rather than from improvements in cold source performance. The ability 
to change the moderating material viewed by a par&la? neutron spectrometer may be useful in some 
future applications. For reactors, an increase in neutron flux is always desirable if heat loads in the cold 
source are tokrable. 

There are two types of spallation sources: steady-state and pulsed. Design problems with cold neutron 
sources for spallation sources are analogous to those for steady-state reactors. Heat loads are similar, 
but the distribution between gamma-ray and neutron heating is different. Because of inherent lower 
average heating rates in pulsed spallation sources, the possibility of using materials other than liquid 
hydrogen, such as liquid and solid methane, can be envisaged. To date, solid methane has only been 
used with proton currents of a few tens of microamperes, thus making it troublesome to employ as a cold 
moderator at proton currents in the hundreds of microampere range. Also, because target-moderator- 
reflector systems for pulsed spallation sources tend to be undermoderated, substantial gains in neutronic 
performance may result by using composite and coupled cold moderators. 

A general consensus reached at the meeting was that an important design feature for both reactor and 
spallation cold-neutron sources is to get neutrons as cold as possible. Also, there is a real need for better 
data on materials properties and the effects of radiation damage at cryogenic temperatures, which could 
be used to improve the design of cold-neutron sources. 

The meeting was deenied successful by all involved, and a follow-up meeting was proposed with the 
date and location to be decided later. The proceedings of the meeting will be published as a Los Alamos 
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National Laboratory report. A fairly extensive bibliography of work on cold-neutron sources over the 
past 40 years will be included. 

LANSCE work is supported by the US Department of Energy, Office of Basic Energy Sciences, under 
contract W-7405-ENG 36 with the University of California. 

Q(B.S.Brown): Is there any program to get the much needed radiation damage information on the cryogenic 
materials? 

A(GJ.Russell): Unfortunately not. Everyone recognizes the problems, but no one has the financial resources to 
do anything about it at this time. 

Q(Utsuro): Do you try to consider the effects of another decmase of the total cross-section of p-H2 in meV region? 

A(G J.Russell): Yes, we have recognized this additional decrease in the total cross-section of pant-hydrogen cross- 
section. We are presently incorporating this effect into the Los Alamos Pam-hydrogen scattering kernel. 
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RECEiNT kPkRI-ENCl.WITH ItiNS MODERATOR+ . 

J. M. Carpenter and T. L. Scott 
Argonne National Laboratory 
Argonne, Illinois 60439 

ABSTRACT 

We describe experience with the moderators of-IPNS in the two years 
since the installation of the Enriched Uranium Booster Target. 

I. Introduction 

The Enriched Uranium Booster Target was installed in IPNS in October, 1988, 
According to expectations, the neutron beam intensities increased by a factor 
of 2.5, taken as an average over the three moderators. Accompanying the 
higher neutron beam intensities are higher nuclear heating .densities and 
correspondingly higher radiation damage rates in the moderators. (The 

delayed neutron background also increased, but this effect does not directly 

relate to moderator performance, and is dealt with in another paper in these 

proceedings.) Anticipating problems on these accounts, which would be 
especially severe in the cold solid methane "C" moderator, we replaced the 

methane there with liquid hydrogen; this required no modifications to the 

system. Therefore since Booster Target installation our moderators have- been 

as shown in Table 1. 

Table I. 

IPNS Moderators Operating Since October, 1988 

Moderator Beams Description 

WC” Cl-3 Liquid H2 @ 20K, stationary, 
grooved, decoupled 

Fl-6 Liquid CH4 @ llOK, circulating, 
flat, .poisoned, decoupled 

1, H 11 Hl-3 Liquid CH4 @ llOK, circulating, 
flat, poisoned, decoupled 
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Below, we describe our experiences of various kinds, the means we have 

applied to understand new behavior we observed, and the measures we undertook 
to cure problems that arose. 

II. Temperature Stability of the Circulating Methane Moderators 

The temperature of moderators varies as accelerator beam intensity varies 
during operation. Transients follow beam startup of course, but occur with 
some frequency due to accelerator trips even though there is rapid recovery. 
The reason is entirely trivial, in that the temperature variation AT is 

proportional to the accelerator induced power variation hp, 

AT = AP/(SE~) (1) 

where fi is the mass flow rate of methane and Cp is its specific heat. Before 
Booster Target installation, temperatures fluctuated about f 5K, which was 
tolerable for most of the experiments. After Booster installation, 
temperatures fluctuated more than f lOK, which was not tolerable. We 
increased the flow rate of methane R and installed heaters in the inlet CH4 
stream controlled from the accelerator current. The increased flow rate 
stabilized the fluctuations again to about * 5K. The heaters, which are 
intended to compensate for accelerator-induced power variations AP, have not 
yet been tested. Further to accommodate the temperature fluctuations and the 
accompanying changes in the neutron spectrum, we have incorporated monitor 
spectrum normalization into the data analysis routines of the white beam 

instruments. 

III. Intensity Loss in the 'IF" Moderator 

Over the course of each two-or three-week run, we observed that the overall 
intensity of the beams from the 'IF" moderator (not the 'I,,, moderator) -- 
decreased by up to 50% or more. Simultaneously, the pressure in the ballast 
tanks of both the "F" and the "H" systems gradually increased. The 
wavelength spectrum gradually hardened during these periods. Routine gas 
chromatographic analyses of samples of gas from the systems showed the well- 
known buildup of H2 and of heavier volatile hydrocarbons. These appear as a 
result of to radiolysis due to fast neutron and gamma ray damage to the 
methane, for example reaction (a) 

2CHq "f7 C2Hs + H2 . 
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Table 2. shows the resuits of gas chromatography on a sample of gas from the 
circulating loop of the "F" moderator system after ane week of operation, 
starting with a fresh charge of CH4, 
15. @, and with the Booster Target. 

with an accelerator current averaging 

Table 2. 

Molar %oncentrations in Gas 
from the Circulating Side.of the. "F" Moderator, 

After One Week of Operation at 15 JIA. 

Material Concentration 

H2 22.6 % 

CH4 75.2 % 

C4HlO 

S 0.16 % 

1.5 % 

0.39 % 

s 0.07 % 

The buildup of radiolysis products is substantially faster with the booster 
target than with the depleted uranium target, asanticipated. The loss of 
intensity can be traced to the accumulation of H2 vapor in the system; since 
H2 is not highly soluble in liquid CH4 and furthermore is a vapor at the 
pressure and temperature of the circulating methane, even a small amount of 
H2 can exclude a substantial fraction of the methane from the system. If the 
hydrogen vapor tends to accumulate in the moderator, then the intensity 
decrease and the spectrum should harden. The pulse shapes should be altered 
but whether broadened or narrowed depends on whether the voiding,in the 
moderator is uniform (bubbly) or stratified; we did not observe or attempt to 
observe the pulse shape change. Figure 1 shows the variation of the monitor 
detector counting rate, integrated in the range 0.5 S X S 5.0 Angstroms, for 
the F2 (GPPD) beam. Figure 2 shows wavelength spectra measured with the GPPD 
monitor detector at different times during a running cycle. Although these 
results are typical, the behavior was somewhat different in different running 
periods. we argue on admittedly flimsy grounds that the “F” moderator 
container (inlet at the bottom, outlet at the top) differs from the "H" 
moderator container (both inlet and outlet at the top) in such a way as to 
explain that "H" acts like a physical phase separator collecting liquid, 
while "F" promotes a "bubbly" situation. 
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Figure 1. Variation of the intensity of the "F" moderator beam as a function 
of time into a running cycle; Closed symbols,,March, 1990 cycle (no Hz) 
separator; open symbols, May, 1990 cycle (Hz separator operating). 
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Figure 2. Variation of the spectrum during a running cycle. The figure shows 
the ratio of monitor counting rates, normalized according to accelerator 
proton current, at the beginning and at the end of a running cycle. The 
ratio shows the gradual increase in the temperature of the Maxwellian. 
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Figure 3 shows a highly schematic diagram of the circulating methane 
moderator systems. . 

(AIR, kl ,: 
Figure 3.' Schematic diagram,of the~ciz&lat'$ng'.iiguid methane moderatbr 
SyStems, and of the Hz separator. 

W,e developed a numerical model of'the system,. including the effec.ts_of 
solubility.of H2 in liquid CH4. Calculations 'from this model show 
qualitative agreement with'observations, but we have been unable to refine 
the unknown parameters to provide a truly acceptable match of calculation to 
measurement. Modeling calculations show that the ballast tank pressure is a 
sensitive indicator of the behavior of the system. 

On the basis of the gas chromatography and numerical simulation results, we 
installed a commercial hydrogen separator in a bypass loop around the (room 
temperature) methane circulating pump. The separator, model RSD-50 by 

Resource Systems, Inc., E. Hanover, New Jersey, consists of a thin-walled, 
heated palladium tube through which the methane passes; hydrogen 
preferentially diffuses through the tube walls to the outside where it is 
removed by a nitrogen stream. The numerical model includes the effect of the 
separator. Figure 4 shows the calculated and measured ballast tank 
pressures, with calculations for two assumed H2 production rates and for the 
value of the H2 flow rate for the separator that best matches the data. 
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Figure 4. Measured and calculated ballast tank pressures with and without the 
hydrogen separator operating. 

The hydrogen separator stabilizes the operation of the system. Figure 5 
shows the wavelength integrated intensity as a function of time during a run 
with the separator operating; the intensity is constant within about 5% over 
the course of the two week operating cycle. 

Iv. The Liquid Hydrogen Moderator 

With no essential modifications we now operate the "C" moderator filled with 
hydrogen. The liquid hydrogen moderator has behaved perfectly. However, the 
intensity of long-wavelength neutrons has diminished by about the same factor 
as was gained by installation of the Booster Target, about X3.5 smaller than 
would be the case with 20 K methane. For a short time, we operated the "C" 
moderator filled with 20 K methane, using the Booster Target. Figure 5 shows 
the ratio of intensities measured with 20 K solid methane and with 20 K 
liquid hydrogen. 
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Figure 5. Ratio of intensities of neutrons, normaiizeh to 
current, from the "C" moderator filled with 20 k solid 

the proton beam 
methane to.,the 

intensity when filled with 20 X liquid hydrogen, vs wavelength. 

The intensity loss is due,in part to the lower.proton density of liquid 
hydrogen compa.red to solid methane, and in part to the inferior low 
temperature fhermalization properties. of hydrogen compared to methane. This 

latter is in turn due to the presence in CH4 of closely-spaced rotational 
modes with approximately 1 meV (- 12 K) spacing;,the .corresponding lowest 
energy rotational transition in H2 is approximately 15 m&V (180 K). 'Although 
we have made no careful measurements of the pulse widths, the widths of the 
pulses from the liquid hydrogen is greater than for solid methane at longer 
wavelengths, as inferred from measurements on the two reflectometers. 

Our intent is to return to solid methane fil‘ling inthis moderator, to 
recapture the lost intensity and resolution. This will require that we 
understand the "burping" phenomenon more thoroughly than we do at present, 
and control it for example,by periodic annealing. Since warming the 

moderator leads to potentially large pressure increases due to the expansion 
of accumulated, trapped hydrogen,- we.must devise means .to controi the 

pressure increases that .follow warming of the moderator, and to remove the 
accumulated hydrogen. 

V. "Tails" on Diffractometer Bragg Peaks 

Since the installatiqn of the Booster Target,, we have observed roughly 200 

psec-long "tails" on certain Bragg peaks in the powder diffractometers. The 

tails are about 1 % as high as the main peak and contain up to 10 % of the 
area, the amplitude varying with the.wavelength of the neutrons. ‘in spite of 
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intense efforts based on neutron beam observations, we were unable to 
conclusively identify the -origin of these tails (but see "Post-Conference 
Notes, below). 

VI. Conclusion 

The moderators. of IPNS have operated more-or-less satisfactorily since 
installation of the Booster Target. Problems with temperature stability and 
loss of intensity have been diagnosed and corrected. The 20 K solid methane 
moderator has been replaced with one of liquid hydrogen, which operates quite 
satisfactorily, but which provides fewer long wavelength neutrons and poorer 
pulse width resolution than the solid methane system. Work continues to 
obtain better understanding of the "burping" behavior of cold solid methane 
and to control these excursions and the consequent rises of internal 

pressure. 

VII. Post-Cpnference Notes 

A new problem arose immediately after the ICANS Meeting, which was not 
reported there but we describe briefly here. The "F" moderator methane flow 
stopped due to a blockage of the system between the outlet of the inlet heat 
exchanger and the inlet of the outlet heat exchanger, about 10 m of tubing .. 
each direction from the moderator itself. Flushing the system with tri n- 
butyl phosphate - heptane, heptane, methyl ethyl ketone - toluene, and 
toluene solvents brought out several tens of ml of involatile liquid and some 
insoluble chips of insoluble solid. We have not been able to identify these 
materials. The system was reassembled after a week's shutdown for this work, 
and the moderator operated successfully for one week, after which the system 
clogged up irreparably. We have since removed the "F" moderator and replaced 
it with a new, clean assembly, with inlet-and outlet arrangements within the 
moderator container arranged to provide more effective liquid phase 
separation. Meanwhile we have flushed the heat exchangers and external 
piping with toluene. The removed materials are being subjected to chemical 
analysis. Results so far indicate that the solid material is insoluble in 
any solvent compatible with the construction materials, and is a hydrocarbon 
with H/C ratio of about 8:s. 

The origin of the "tails" on the "F" moderator pulses has been identified; 
Cadmium void liner above the beam voids on both sides of the "F" moderator 
were accidentally omitted during assembly of the system, prior to Booster 
Target installation. These have been provided in the rebuilt assembly. 
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Q(G.S.Bauer): With the scheme of a pumped shrrry of methane spheres being’technidally rather com&&d, do 
you think that a pebble bed of methane spheres cooled by liquid hydrogen or even helium would limit the 
burping to individual pebble and thus spread it out in time without risk of the container bursting? 

A(J.M.Carpenter): Yes! The consequent improvement in the effectiveness of cooling also will tend to stabilize the 
system. 

Q(Y.T$ceda)z In tbetemperatum history, are there any periodi$y .fotu$~hich cxxrespqnds toa limit cycle?. 
A(J.M.&&enter)f Yes, we &se&l a lx&& of about ‘1 day under the conditions of &NS’depleted. t&g& 

opeiation. 
QO’_T&&)): &at m&&&&,1 $&,,eters_ &,& hd&&g&m&g eQ,&,&, & fg ,,,,$,igj ” _: : - :- ; ’ 

A(J.M.Catpenter): Principally, the:c@ant tempe&tre; glventhatpow~ anddamage densityare fredi .OtherwiSe, 
the heat transfer coefficient between CHq and coolant! ‘is a useful design parameter, and can be controlled 
somewhat by regulating coolant flow rate, . : I. : I ,; 

Q(R.Pynn): Have you looked at you burp equations for a:rarige of p&&ete& 
. ._. I_ .> 

It &rld surprise me if limircycles 
were the solution for more than a small range ofparameters. 

_. -:, r 2. 

A(J.M.Carpenter): In fact we had trouble finding parameters that produce oscillations, before the linear stability 
analysis. Now we have a guiding theory, which works. 

,. . . 
f. 

, ” :. 

* 

. 

;. .’ 

‘, 
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ABSTRACT 
Optimization studies on a coupled liquid-hydrogen-moderator system were 
performed experimentally and the results were compared with those of 
decoupled liquid hydrogen and solid methane moderators. A very high gain 
factor is obtained. Pulse characteristics were also studied and it is found 
that the pulse broadening by coupling is rather modest. 

I. INTRODUCTION 

How to realize an intense cold neutron source is one of the most important 
objectives for KENS-II R&D . A coupled liquid-hydrogen-moderator is the 
most promising candidate for this. It was revealed by our preliminary 
experimentsl) that the cold neutron intensity from a coupled hydrogen 
moderator in a wing geometry is very much higher than that from a 
decoupled one and also the pulse width is not 
coupling. These results encouraged us to perform 
a dedicated cryostat to this moderator system. 

broadened so much by 
further experiments using 

The cryostat used in the preliminary experiments had a large void space 
above the moderator chamber, resulting in a large reflector missing. We 
prepared a new cryostat which has a slim neck above the moderator 
chamber. We studied the neutronic performance of coupled liquid- 
hydrogen-moderators in more detail and compared the results with those of 
a decoupled liquid-hydrogen and solid-methane moderators. 

II. EXPERIMENTAL 

Figure 1 shows a coupled liquid-hydrogen-moderator system used in the 
present experiments. The size of the liquid-hydrogen-moderator is fixed to 
12x12~5 cm3. Polyethylene plates are attached to a cryostat to compose a 
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Fig. 1 Schematic reprlsentation ,Of the target-moderator-reflector 
assembly for coupled. liquid-hydrogen mdderator wit6 
premoderator. The lower figure shows the layout of the 
premoderator. 
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premoderator. The front part of the premoderator has a window of 12x12 
c m2 for extracting the neutron beam. There is no decoupler between 
moderator, target and reflector; that means the system is a coupled one. 
Figure 2 shows the decoupled- moderator system. The moderators have the 
same size of the coupled ones and are decoupled from the reflector by 0.5 
mm thick cadmium plate as shown in the 
target is placed just below the premoderator 
geometry. The target and the moderator 
reflector of about 1 m3.: 

figure. A neutron generating 
or the cryostat to form a wing , 

are surrounded by a graphite 

I 
Cd 

Fig. 2 

Reflectat- 
(Graphite) 

, llecoupler (Cd) 

, Moderator 

- IH2 or CH4) 

Decoupled target-moderator- reflector assembly. 

The electron linac at Hokkaido university . was used as a fast neutron 
generator. Figure 3 shows the experimental arrangement for measurements 
of time-of-flight spectra. The flight path length between moderator and He- 
3 neutron detector is 5.6 m. A set of cadmium collimators is placed at both 
ends of an evacuated flight tube to define a viewed surface of the moderator 
10x10 cm2. The energy, analyzer system used for the time distribution 
measurements is dipicted in the lower figure. A mica crystal is used as an 
energy analyzer with Bragg angle of 85”. The flight path length between 
moderator and analyzer crystal is 6.6 m. 

III. COUPLED MODERAOTOR -OPTIMIZATION 

Slow neutron intensities from the coupled liquid hydrogen moderator 
without premoderator and the decoupled one were measured. The 
measured spectra are. shown in Fig. 4, and the relative intensity of the 
coupled to the decoupled (coupling 
function of neutron wavelength. 

gain factor) is plotted in Fig. 5 as a 
The coupling gain factor almost saturates in 
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Fig. 5 Wavelength dependence of gain factors. 

the cold neutron region although there still exists a gradual increase at 
longer wavelengths. The saturated value is about 3 which is a great. 

Then we performed premoderator optimization. As a first step, we studied 
the effects of the premoderator thickness on the cold-neutron-beam 
intensity. Figure 6 shows the premoderator gain factor as a function of 
bottom premoderator thickness. We defined the premoderator gain factor as 
the ratio of the cold-neutron-beam intensity from a liquid-hydrogen- 
moderator with a premoderator to that from one without. The gain factor 
increases rapidly with increasing bottom-premoderator thickness and then 
saturates to a value of about 1.75. Side-premoderator brings about an 
additional gain of about 20 %, resulting in a premoderator gain factor of 
about 2 in total. The maximum appears at about 2 cm thick. We found that 
the bottom-premoderator is most effective for the intensity enhancement, 
while the effect of the side-premoderator is rather small. In the previous 
preliminary experiment we obtained the optimal premoderator thickness of 
about 3 cm. The smaller value in the present experiment is due to a better 
upper reflector and a higher height of the side-premoderator than in the 
previous. 

The energy spectrum of neutrons from .the coupled liquid-hydrogen- 
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Fig 6 Premoderator gain factor at wavelength 4.3-5.7 A as a function of 
bottom-and side-premoderator thicktress. S means side- 
premoderator thickness. 

moderator with a 2 cm thick premoderator ,is also shown in Fig. 4. The 
energy spectra at the cold neutron region are -not SO different each other. 
The wavelength dependence, of the premoderator gain factor’ of the liquid- 
hydrogen-moderator with the 2 cm thick ‘premoderator is shown in Fig. 5. 
There is a broad maximum around 2.5 A and above this wavelength the gain 
factor approaches 2. It is also a considerable. . 

Grooved surface moderators were extensively studied so .far and a finite gain 
has already ; been recognized. We examined a grooved-surface bottom- 
premoderator. The bottom-premoderator had grooves of 2 cm deep and 2 
cm wide with 2 cm spacing (total thickness being, 4 cm). A gain factor 
obtained by this was only 3 % which was unexpectedly small. 

The total gain factor 

. . 

of the coupled liquid-hydrogen-moderator with the 2 
cm thick premoderator (optimal thickness) is ‘also shown in Fig. 5. The total 
gain factor is defined here as the ratio of the cold-neutron-beam intensity of 
this moderator to that of a. decoupled 5 cm thick liquid-hydrogen-moderator. 
The total, .gain factor .incieases- rapidly wit,h.. increasing wavelength until 
about 3 j A and approaches 6 i.n the longer.. -.wavelength region, . Very large 
values of the total gain factor were attained. The values are almost as same 
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as previous ones in the preliminary experiments. However, the absolute 
intensity obtained in this experiment is. about 1.5 times higher than the 
previous. This. is due to the better reflector saving in the present system. 

1V.DIREC-I COMPARISON WITH DECOUPLED SOLID-METHANE MODERATOR 
: 

In the choice of cold neutron moderator system, it is important to know the 
beam intensity in absolute scale or in relative value to the existing best 
moderator for the production of pulsed cold neutrons. A ‘decoupled solid- 
methane moderator of 5 cm thick as used at present KENS was. adopted for 
this. We also performed measurements on this moderator. 

Figure 7 shows the energy spectra from both moderators for direct 
comparison. It should be stressed that the cold-neutron-beam intensity 
from the proposed coupled moderator is superior to that from the reference 
decoupled moderator of solid methane. Figure 8 shows the ratio of the 
intensity of coupled liquid-hydrogen-moderator to that of the solid-methane 
moderator. A gain of about 2 has been attained. There is a peak at about 
2.5 A which is caused by the neutron trap at this wavelength in connection 
with ortho-para transition of hydrogen molecule. 

10 F 

“#xXx,x 
XX X-XXX Coupled HZ 

xx?s,_ (pm=2cm) 

0.001 0.01 

Neutron Energy 

Fig. 7 Energy spectra from the coupled liquid-hydrogen-moderator with 

(4 

2 cm thick premoderator and the decoupled. solid methane 
moderator. As a reference the spectra from the decoupled liquid- 
hydrogen-moderator is also shown. 
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Fig, 8 Intensity -ratio of the ,coupled liquid hydrogen moderator with ,2 cm 
thick premoderator to :‘the decoupled solid methane moderator. 

Next, we measured spatial ‘distributions of cold-neutron-beam intensity 
along the vertical direction of the viewed surface of the moderators, by 
scanning a cadmium slit of 1 cm-high at the entrance of the beam extraction 
hole (see Fig. 3). The results are shown in Fig. 9. The superiority of the 
proposed coupled moderator is clearly demonstrated. The peak in intensity 
appears close to bottom of the moderator. Such feature is enhanced more in 
the proposed coupled moderator. This is due to the fact that the bottom- 
premoderator feeds source neutrons of a more soft-spectrum to the liquid- 
hydrogen-moderator. 

The target-moderator distance allowed for the target engineering design is 
one of the most important parameters, so, we measured the cold-neutron- 
beam intensity by changing the distance between the target and the 
moderator. Figure 10 shows the results. Intensities from each moderator 
are normalized to unity at zero distance by extrapolation. It is revealed that 
the intensity reduction with distance is rather modest and 
on moderator. 

dose not depend 

V. PULSE CHARACTEFUSTICS 

Time-distributions of cold neutrons from. .the proposed 
hydrogen-moderator system were studied in comparison 
decoupled moderators. 

coupled liquid- 
with .other two 
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Fig 9 Spatial distributions of the cold-neutron beam intensity along the 
vertical direction of. the viewed surface. 
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Figure 11 compares time-distributions of cold neutrons from these 
moderators at three. typical wavelengths. The coupled moderator gives 
broader pulses than the decoupled ones as expected, but the broadening is 
rather modest. The increase in the peak intensity is unexpectedly high 
compared to the decoupled hydrogen and almost comparable to the solid 
methane. This means that the larger gain of the coupled moderator to the 
decoupled liquid-hydrogen-moderator is not only due to the increase in the 
pulse width but ‘also due to the increase in the peak intensity. 

Pulse widths in full width at half maximum (FWHM) are plotted in Fig. 12 as 
a function of neutron wavelength.. The pulse widths of the coupled 
moderator are about 2 times larger than those of the decoupled ones in the 
cold neutron region. -* 

HZ coupled 

CH4 decoupled 

0 2 4 6 0 10 12 

Neutron Wavelength (A) 

Fig 12 Pulse widths (FWHM) of neutrons from the coupled and decoupled 
moderators as a function of neutron wavelength. 

Rising time of the neutron pulses is also plotted in Fig. 13. Here, the rising 
time is defined as the duration between 10 and 90 percent pulse height of 
the rising edge. The difference between ‘the coupled ‘-moderator and the 
decoupled ‘ones -is not so large as in the pulse widths. 
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Figure 14 shows the decay time of the neutron pulses as a function of 
neutron wavelength. The decay time of the coupled moderator is about 2-3 
times as large as the decoupled one. 

VI. CONCLUSIONS 

The cold neutron intensity from the coupled liquid-hydrogen-moderator is 
about 6 times as large as that from the decoupled liquid-hydrogen- 
moderator and 2 times from solid-methane moderator. The increase of the 
intensity by coupling is considerably high. 

It was so far believed by computer simulation that the pulse broadening in a 
coupled moderator is significant: about 5 times as broad as in a typical 
decoupled one2). It is revealed in the present experiment that the 
broadening is not as significant as expected by computer simulation. A 
coupled liquid-hydrogen-moderator will be the most intensive cold neutron 
moderator among realistic 
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Q(R.Pynn): What happens if we imagine the “premoderator” to be homogeneously embedded in the moderator? 
Would we gain anything by “feeding” the moderator from inside, rather than from-outside? 

A(Y.Kiyanagi): To feed thermal or epithermal neutrons to liquid hydrogen moderator is important for coupled 
hydrogen moderator. Therefore, the premoderator have to be placed outside the liquid hydrogen and may not be 
cooled down. 
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Reflector Optimization for Coupled Liquid Hydrogen Moderator 

Y. KIYANAGI, N. WATANABE”, M. FURUSAKA* and I-L IWASA 
Department of Nuclear Engineering, Faculty of Engineering, 
Hokkaido University, Sapporo, 060 Japan 
*National Laboratory for High Energy Physics, 
l-l Oho, Tsukuba-shi, Ibaraki 305 Japan 

ABSTRACT ‘. 

As a part of optimization studies on a coupled liquid 
system,, the optimal thickness of, the reflector, the 

. 

hydrogen moderator 
effects of neutron 

absorbing liners and other:: beam hole/moderator on the cold-neutron-beam 
intensity were studied experimentally. It turns out that the optimal 
thickness is rather thick in this system and the existence of Cd liners around 
the beam extraction hole considerably reduces the cold neutron beam 
intensity, while the existence of other beam hole and moderator does not 
give an important intensity reduction. 

I.INTROl&JCTION 

In a coupled liquid-hydrogen-moderator system the role of reflector is to 
supply thermal neutrons to liquid hydrogen, while in a decoupled system to 
supply fast and epithermal neutrons. So far the reflector studies have been 
done only for the decoupled moderator system. We therefore studied 
experimentally the reflector. effect on the cold-neutron-beam intensity in a 
coupled liquid-hydrogen-moderator. system in order to obtain better 
understanding of the reflector effects. We measured the neutron-beam 
intensities from .the coupled liquid-hydrogen-moderator proposed in the 
preceding report*) with various reflector configurations. ~’ 

II. OPTIMAL REFLECTOR THICKNESS 

To find the optimal reflector thickness we performed measurements in two 
steps. Firstly,‘ we examined the effect’ of the. rear-tipper-reflector. ” The 
premoderator thickness was fixed to 2 cm. (optimal thickness) ’ Figure 1 
shows the neutron-beam intensity at ‘three different energies as a function_ 
of reflector thickness of. the part ‘indicated in the inset.’ .The reflector 
thickness of the lower half (below the target) was kept at 40 cm. The 
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intensities are saturated at a thickness of about 40 cm, independent of 
neutron energy. The required thickness is rather large compared to a 

i decoupled moderator system. 

I, . . .~- 
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Rear Reflector Thickness X (cm) 

Fig. 1 Effect of the rear-upper-reflector thickness on the neutron-beam 
intensity. The part of reflector changed is shown in the inset. 

. 
D 

Secondly, we examined the effect of the upper reflector. Figure 2 shows the 
measured neutron-beam intensities as a function of the upper reflector 
height (see the inset). For longer .wavelength neutrons the intensity is still 
increasing even above 40 cm. 
caused by the cryogenic yoid. 

This is probably due to the reflector missing 
In a real system .the void space produced by 

liquid hydrogen piping above the moderator. chamber would be- smaller than 
that of the present cryostat. However, a thicker upper reflector is important 
for a coupled liquid-hydrogen-moderator system. 

III. EFFECT OF OPENING ANGLE OF BEAM EXTRACTION HOLE 

In the KENS-II program it is strongly requested to -provide as many neutron 
beam channels as possiblez). ~For this requirement the larger opening angle 
of the beam extraction hole in the reflector 
therefore examined the effect of the opening 

becomes indispensable. We 
angle on the slow neutron 
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Fig. 2’-’ ’ Effect ’ ;>f upper reflector heig,ht on the neutron-beam intensity. 
The part of reflector changed ‘is shown in the ‘inset. 

intensity. Figure 3 shows the intensity of slow neutrons emitted 
parpendicular1.y from the moderator. surface; as. a function of the. opening 
angle (see the inset). The ’ reduction in. the neutron-beam intensity is rather 
small, (only 3-5 Yq even at ‘30’.) and independent of neutron energy.*: In the 
present experiment.. we studied. only. one half of the opening. angle, but the 
intensity. reduction in the case., of, ,, a symmetric. opening. would be., less than 
the double ‘in the half opening case. The intensity of slow,, neutrons emitted . . 
to the direction . . not perpendicular to the moderator. surfac.e, of course, 

decreases with emission angle 0 as (l.+ &c&3)/(1. + a/2) .h .-addition to the 
reflector effect. : ._. : i.. 

: : 

IV,.EF&CTS OF Cd. LINER, &OTHER BE& HOLE. -ti .MODERATOR .l:’ 
‘.’ I_ : 

We. : examined the various effects : such ,. as front-premoderator, the-- cadmium 
liner. around beam- .-extraction, hole --in the reflector and< existence-- of another 
beam. extraction hole, on the, cold-neutron-beam: intensity.- .Figure 4 shows 
the moderator-.reflector- configurations studied.. The observed coldneutron- 
beam intensities are summarized in Table I. We chose the configuration (a) 
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Fig. 3 Effect of the opening angle of the beam extraction hole on the 
neutron-beam intensity. 

as a reference since it gave the highest intensity. The values in the table are 
the relative ones to the configuration (a). 

By removing the front-premoderator (configuration (b)) we have about 12 % 
reduction in the beam intensity. By inserting a cadmium liner around the 
beam extraction hole (configuration (c)), about 40 % reduction comes out in 
total. The insertion of another cadmium mask in place of the front- 
premoderator (configuration (d)) results in the beam intensity reduction of 
about 50% in total. 
Usually several moderators of different kinds, some are decoupled and 
others are coupled, will be placed around the target. Each moderator has 
beam extraction hole(s) on one side or both sides of the moderator. The 
introduction of another beam hole will bring about an additional reflector 
missing. We examined the case of two holes. For simplicity we made a 
second hole in the opposite side of the first one (configuration(e)). The size 
of the hole is 17x17 cm2. This brings about 7 % loss in the beam intensity 
compared to the configuration(b). The insertion of a cadmium liner in the 
second hole (configuration (f)) gives almost no effect. The fact means that 
the neutrons with energies below Cd cut-off bring little effect on the cold- 

404 



Premoderator 
(Polyethylene : PE 

Fig. 4 

Cd 

PE 

Various moderator-reflector assemblies studied. 
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Configuration .’ Relative intensity.. to 
configuration (a) 
1.00 
0,88 
0.62 
0.52 
0.8-l 
0.78 
0.74 

Table 1 Relative intensities from the moderator-reflector assemblies 
shown in Fig. 4. 

neutron-beam intensity. 
from the configuration 
moment. 

In order to simulate 

This is a great contradiction to the results obtained 
(c) and (d). The reason is not understood at this 

the effect of other moderator we put a decoupled 
polyethylene moderator 15x 15x5- cm3 (at ambient temperature) in the 
second hole (configuration (8)). This does not give an appreciable reduction. 
The present results suggest that a coupled liquid-hydrogen-moderator with 
a premoderator can coexist with other decoupled moderators in the same 
target-moderator-reflector assembly. 

Fig 5 

h=4.93A 

+ COUPLED 
x DECOUPLED 
0 PARTIALLY 

DECOUPLED 

0 200 400 600 BOO 1000 

Emission Time&) 

: 

Time distributions of cold neutrons from the partially decoupled 
moderator (configuration (d)). 
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As an extra we examined the:;. corrfig&rat.ion :.(h):..+where -:,a:.. .l&. cmLthick 
polyethylene liner was attached to the extraction hole;~ ’ ‘This -,configuration 
gives the highest beam intensity, but the obtained gain is small. 

In order to understand the reason why the intensity reduction in the 
configuration (d) ia so large? we measured time-distribution ofi the cold 
neutrons from: ‘ale’ :m’6a~ratbi.. “In ~onfiguia$on:’ (d).. ‘~tn”,F~g.“‘5; I~~ :plOf~~d’;‘the 

measured time distribution of cold neutrons compared with the coupled and 
decoupled moderators. The pulse height” arid “width ‘I in. configuration % (d): lie 
between_ both. i . ‘_ ‘. ,_ y : L . .L * ‘:,’ ” ” -- :>:.... ._,‘. .-.‘I x.“’ .:,e.,,__ i.. . ,. s .,,: _ 

. i.. , ,j: : -I*.: ‘i 

Am()mEm 
I i. ,. ; .: ’ ‘: .: _: : v _ : : ” : 1’:. ,: i; ., : ,,. ~. 

: . 
>: ..’ : 

: 

The authors are indebted to Prof. K. Inoue for his encouragement and 
interest shown through the course of this work. ;.. 

..: I- 
: ;,.I, 

_. :: : ._;_,:., 

1. .Y. Kiyanagi; N: Watanabe, ’ IVk T%usaka,” I-I. ‘_ Iwasa ,and I 1.;: Pujikawa’ : %oc; . 

ICANS_XI (1CJCJ-J) ‘p-3&. ‘, ’ : ’ ” -- S-L I..... 

2 N. Watanabe : Proc. ICANS-XI (1990) p-47 1. 
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Q(s.+.Egelstan): Have you tried using a heavy element with_ a @rge ~_tter+g cT?ss-se@on 9~ &hF. feflectof! 
A(Y.Kiyanagi): 4 heavy ekinent v&h a-l&~e.scattering &ds+ectid~ i$ an effective refktor f&a’ de&u$$i 

moderator $ystem; A moderating mat&l is probably ti&e~~Uiiable’ for a doupkd liquid hydr6gkn’ modek+&r : 
becauseslowne’u~nsshou~d~f~tothe~qquidhydrogerimoderator.. I -’ -’ ~. ’ ,.‘: ,i., ,‘.’ - 

‘. ,, .‘. 1 
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AESTRACT 
The neutronic performance of a flux-trap type moderator was studied by 
computer simulation in connetion with the KENS-II target-moderator system. 
It was confirmed that this system can provide 1.3-1.4 times higher neutron 
intensity than a traditional wing-geometry moderator system. 

I. INTRODUCTION 

A wing-geometry in target-moderator coupling is adopted in pulsed 
spallation source because it can diminish the leakage of fast and high-energy 
neutrons into the beam holes in comparison with a slab geometry. However, 
the intensity of slow neutrons emitted from a wing-geometry moderator is 
smaller than that from a slab-geometry one. A new type of target-reflector- 
moderator arrangement, a so called flux-trap type moderator, was proposed 
by the Los Alamos group’). A vertical proton-beam injection sheme is one of 
a solution to provide more neutron beams than a horizontal one, because the 
proton-beam line in the experimental hall can be removed in the front2). In 
the vertical injection sheme a flux-trap type moderator arrangement is in- 
dispensable, because the tremendous stream of fast and high-energy 
neutrons is unavoidable in a traditional wing-geometry. We performed 
some optimization studies on this moderator system by computer simulation 
and compared the neutron intensity between flux-trap type moderator and 
wing geometry one in order to examine whether this can be a promising 
candidate for the target-moderator system in KENS-II. 

II. CALCULATIONAL MODEL 

The 
The 
two 
are 

calculational model of the target-moderator system is shown in Fig. 1. 
proton energy proposed for KENS-II is 1 GeV. The target is split into 
parts in flux-trap type moderator system. The target, in which protons 

injected, is called here a front target and the other a rear target. The 
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targets are made of tungsten. Total tirget length is 34.5 cm which is 
sufficient for 1 GeV protons to produce the saturated intensity of the 
spallation neutronA Four moderators are placed around the void space 
between the two targets. Light water moderators with a size of 10x10~5 cm3 
are assumed. The system is surrounded by a beryllium reflector of 30 cm 
thick. The beam holes in the reflector are lined with 1 cm thick J34C 
decouplers. They are not shown in the figure for simplicity. 

For the calculation a Monte Carlo code for low energy neutron transport, 
MO RS E’-DD4), was used combined with a high energy transport code, 
NMTC/JAERI5). “slow neutrons” in this paper are defined here as those 
neutrons below 0.9 eV. 

Rear Target 

Reflector 

Moderator 

Fig. 1 Calculational model of the flux-trap type target-moderator system. 
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III. OPTIMI2ATI0N STUDIES :- ’ ‘: .’ . 
. ,. .. , : .y z: -_ I 

Firstly; .we .. examined the. optimal -16~@th of -the. front: tai&t keeping the 
length of ‘the’ void I space betivten“ front and ieai targets at .14 -‘cm, which 
Would just -rne.&‘lthe mbdeiator h&igh,t:-of I@ cm with -1 cm thi&k -decoupEer 
and- 1 -&n alEowanc& on -top ‘and bottom’,: and:- the target radius -at 5 cm. The 
gap between moderatoi.. and aarget; vdid I’was kept at .’ 2 cm- w.hich is- necessajy 
to arrange the four moderators around the void space. Figure 2 shows the 
slow-neutron .intensities from the moderators as&’ a ’ functiori of frontitarget 
lengths.. The length: dependence ‘,,of the. -slow 7 neutron- intensify is ‘rather 
modest : the optimal length isabout 7-8 Cm. We chose 7.5 cm f6r the, front 
target length in the following calculations. 

0 2.5 5 7.5 10 12.5 : 

Front Target Length (cm) 

15 

Fig. 2 Slow neutron intensity vs. front-target length. 

Secondly, we examined the optimal target radius keeping the length of the 
target void at 14 cm, and the distance between the target center-line and the 
moderator at 7 cm. Figure 3 shows the slow-neutron intensities from the 

moderators as a function of target radius. The intensity is again unchanged 
up to a radius of about 8 cm. There is no gain with increasing target radius. 
This may be due to the tungsten target because. the enlarged. target simply 
bring about reflector missing without additional neutron production. We 
intend to look into a uranium target system later. 
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4 5 6 7. 8 9 10 

TArgeti Radius: @n)’ ’ 
., . . .<, gigs, 3:‘_.’ ‘Slo&fi&tr&: intasity. ‘ys; &get. &ius, i ; L. ._ 1 : 

Thirdly, we examined the optimal length of the void space between the two 
targets because the ‘void length. is one of the most important parameters on 
which the leakage of fast and high-energy neutrons to the beam holes 
strongly depends. The moderator was located at the center. height of the 
target void keeping the gap between target void and moderator at 2 cm. 
Figure 4 shows the result. The slow-neutron intensity is almost unchanged 
within the statistical accuracy. This suggests the possibility to adopt a longer 
void space which . makes it easy to suppress the hard component of neutrons 
leaking to the beam holes. 

Next, we examined the Slow-neutron intensity as a function of moderator 
thickness in order to obtain a better understanding of the target-moderator 
coupling natuie of this moderator system. Other parameters were kept 
constant as before. Figure 5 shows slow-neutron intensity vs. moderator 
thickness. The maximum appears at about 7 cm. The feature is similar to 
the result of the slab-geometry moderator, suggesting that .a - flux-trap type 
moderator is : closer to a slab-geometry moderator .- rather .-than a wing- 
geometry moderator in neutronic performance. ~ 

It is excepted that the rear surface of the ‘moderator (near the target) will 
emit more slow neutrons than the front surface (opposite side), because the 
collision density of fast neutrons in- the’ moderator .will be larger in the rear 

, ; ,- 

411 



10 12.5 15 17.5 20 22.5 25 

Front-Rear Target Distance (cm) 

Fig 4 Slow-neutron intensity vs. void length between front and rear 
targets. 

25. IIll IllI IIII IIII III1 III1 

_ ‘W-Target 

- Ep=l.OGeV 
&III ,,I, III1 III1 IIII IILI 

0 2.5 5 7.5 10 12.5 15 

Moderator Thickness(cm) 

Fig 5 Slow-neutron intensity vs. moderator thickness. 

412 



side than in the front side. We ; ean .extract the neutron. beam: from the rear 
side as well because there. is no target .behind the moderator. In. this case of 
course we assume that the moderator at the opposite side across the target 
void dose not exist. Then we calculated the_, neutron intensities from the rear 
and the front surfaces of the moderator ‘as a ’ function of target-moderator 
distance. In this case one moderator was placed around the target void for 
simplicity. All @her .parameters were fixed constant as before. Figure 6 
shows the slow-neutron intensities from both surfaces of .the moderator. 
The intensity gain from the rear compared to the front is unexpectedly 
small; only 10 %, suggesting that .the neutron’ -beam extraction from a rear 
surface of moderator is less interesting. 

The slope is rather modest; approximately 10 % per 2 cm. This will make the 
engineering design of the target-moderator system ( easier: we can put the 
moderator around ’ the void space with an enough spatial allowance, not 
sacrificing the. intensity appreciably. 

10 

Rear Surface 

Front Surface ).’ _ 

Il.,, I,‘, ,,I, ,,), I),, )),, 

0 2 4 6 8 10 : 12 

Target Center-Moderator Distance (cm) 

Fig. 6 Slow-neutron intensity vs. target-moderator distance. 

~ 

IV; COMPARISON WITII WING-GEOMETRY MODERATOR 

Finally, we compared the slow;neutron intensity from a fIux-trap type 



Fig. 7,’ Comparison of slow-neutron intensity between- flux trap type 
moderator -and wing-geometry moderator. 

1:: inter&i ty/beara hole 

(Wing Mod&rat&) (F 1 ux-Trap Type) 
. 

(1) 

/ 

//‘,‘,““’ 

4 
:. . .*: f .-... ; 
‘.‘ . I +n. //i / I=l. 00 

(2) 2 beam holes D 

n 

P .- 
(3) 4 beam holes 

n 

n 

moderator system with that from a reference moderator system in a wing 
geometry. In all cases the gap between the cylindrical target surface and the 
moderator is kept at 2.. cm. Figure 7 show the configurations .of both sys terns. 

I=l. 24 

In the configurations of 4 beam holes, the reflector is not depicted for 
simplicity. The relative values of the slow-neutron intensity per moderator 
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surface, I, are indicated in the figure. .‘.. The results. thw. that the. flux-trap 
type moderator can provide 1.3-l 4 times higher interisity .- than ~ .the wirig- 
geometry moderator. 

v. coNcLusIoNs 

The present results suggest .: that : a.. .flux=trap’ .-type: -moderator .is ;ti promising 
candidate for the target-moderator system. {in K@NS-$1, :: :j$k .are now 
investigating similar optimization studies, $n a -,-coupled i ; Iiqui.G$ydrogcn- 
moderator system. 
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i. 
‘. 

/’ 
A_., . . r 

I ,‘. ‘. : 

In order- to-be able to investigate the behaviour of the.gas-liquid mixture 
in the rather complex vessel and pipe system of the cold Ds-moderator- 

’ with heat exchanger and balIa@ volume, a computational model of the - 

system has been set up. The model was first benchmarked against ex- 
perimental data from the cold moderator mockup for the second cold 
source at the ILL Grenoble. It was then used to predict operational 
parameters such as pressure, velocity, moisture content and others of 
the system under normal conditions with the anticipated distribution 
of heat influx. Finally, the case of total loss of insulating vacuum was 
investigated. 

I INTRODUCTION 

As compared to the cold moderators of the existing spallation neutron sources, the one planned for 
SINQ is different in two respects: 

l SINQ being a cw-source, the cold moderator is designed to give a high time average flux of cold 
neutrons. This implies the use of a large Ds-filled moderator vessel. 

l The high beam power of SINQ ( around 1 MW) together with the large moderator volume results 
in a high heat input during normal operation. 

Although these conditions also prevail in research reactors, other considerations such as high energy 
radiation shielding prevent us from simply adapting an established cold moderator design but caused 
us to deviate sufficiently far from existing designs to make a detailed analysis of the thermal-hydraulic 
behaviour necessary. Part of the work has been reported earlier /I/. This paper gives an update to 
include recent results from a slightly improved computational model. 
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Fig. 1 Simplified diagram of the various subsystems of the D2 cold moderator for SINQ. The cold,part,of the 
D2 system consists of the moderator vessel, the phase separator - condenser volume and a pair of concentiic pipes for 
circulation of the liquid and liquid-gas mixture. 



II THE D2-SYSTEM AND ITS MODEL REPRESENTATION 

The technical concept of the SINQ-cold moderator system has been described elsewhere /l/, /2/. Fig. 

1 shows a simplified diagram of the D s- and auxiliary circuits. Only the ‘Dz part is’considered in this 

work and is modelled as a system of three vessels representing the moderator; the phase-separator/heat 
exchanger and the ballast volume for the Dz-gas. These volumes arc interconnected by pipes whose 

cross-sections have been fixed for the time being but may well bc optimized as a result of ongoing 
calculations of the type:described here. The model representation and the numbering of the pipe 
segments are shown in Fig. 2 and the corresponding dimensions given in Table 1. Pipe segments A 

ana B are concentric with the forward flow (heat exchanger -to- moderator). through the inner pipe 

and return flow through the outer annulus. 

0 :_ 

; ballast tank 

dl 

moderator 
vessel 

I : 
heat exchanger+ 
phase separator 

Fig. 2 Model representation of the Dz-system. 

The moderator vessel , pipe segments 

A and B and the phase separator comprise 

the cold part; a linear increase in 

temperature along segment C from.25 K to 

293 K is assumed in a stationary operating 

state. 

III THE COMPUTATIONAL MODEL 

In the computational model, the three vessets are treated as “localized capacitors” where phase changes 

can take place and the mass content can vary. The connecting pipes are subdivided into individual 

elements with coupled thermodynamic properties_ Coexistence of vapour and liquid and, as a new 

feature relative to the earlier calculations (/l/), heat input and superheated vapour is allowed in all 

volumes of the cold part of the system, whereas only vapour exists in the ballast volume and in pipe 

segments C and D. 

Dynamic equilibria in mass, energy and forces are established between all ncighbouring elements of the 

system. The corresponding coupled partial differential equations are replaced by difference equations 

and are applied to the finite elements. Integration is carried out numerically (with a FORTRAN 
programme). 

The compressibility of the vapour and the variable temperatures of the superheated vapour are taken 
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into account where appropriate. 

’ In order to benchmark the model and to obtain realistic values for some poorly known’ parameters, 
the data given by Hoffmann /3/ for the ILL-test experiments were reproduced in afirst step with very 

good agreement. ,. 
I ‘, i.. 

Volume of the moderator vessel 22.3 litres 
Volume of the phase separator/heat exchanger 30.0 litres 
Volume of the Ds-ballast tank 20 m3 

Length of pipe segment A 
Inner diameter of outer pipe in segment A .’ ’ ’ 

Outer&ameter of inner pipe insegment A 

Length of pipe segment B 
Inner diameter of outer:pipe in segment B 
Outerdiameter of inner pipe in segment B 

Length.of pipe segment C 
Inner diameter of pipe segment C 
Length‘ of pipe segment D ; 

Xnner &meter of pipe segment D 

3.9 m 
4.5 cm. i : 

2.0 cm 

2.7m. 1 : ,. 

5 cm . 

2 cm 

1.8 m ; : 

6.7 cm i 

55 m 
9 cm : * 

Table 1 Dimensions of the SINQ-D2-system 

IV RESULTS FOR STANDARD OPERATING CONDITIONS 

A series of calculational runs was performed to obtain a feel for the stability of the model results and 
also for the behaviour of the system in the event of a perturbation. It was found that the system 
moved towards stable operating conditions when an arbitrary, but reasonable yet non-consistent set 
of start parameters was given for the various system variables. 

One unknown in the system, which has an effect on the set of stable parameters and which could not 
be derived in a theoretical manner is the liquid content of’the vapour at the point of’entrance from 
the moderator vessel to the inner pipe, of segment A. 

This “dryness” of the returning medium is very difficult’ to estimate, since it will depend on the 
violence of boiling in the moderator vesse1, on geometry and possibly other factors. In order to get a 
feeling for its effect, the assumption was made, that the dryness x is a linear function of the the height 
h of the nominally vapour-filled volume inside-the moderator vessel, i.e.: 

with D being the diameter of the moderator vessel (Fig. 3). 
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r- 

Fig. 3 Vertical section through the moderator vessel showing the definitions of h and D. 



t=o t = 20 set t = 304ec t .= SO set 

a (b) (c) (a) (b) (c) (a) (b) ,(c) 

Velocity of return Aow (liquid-gas-mixture) (m/s) 0.58 2.77 2.26 2.067 2.536 2.264 2.160 2.26 2.26 2.25 
Velocity of forward flow (liquid Dg) (m/s) 0.40. 2.10 2.08 2.038 2.098 2.078 2.058 2.08 2,08. 2.08 
Mass fraction of vapour in return flow (%) 15 13.4 10.6 9.1 12.3 10.6 9.8 10.7 10.7 10.5 
Return mass flow (g/s) 18.0 93.47 93.89 97.5 93.3 93.9 95.9 93.6 93.9 94.25 
.Forward mass flow (g/s) 18.0 94.7 93.7 91.9 94.6 93.7 92.8 93.78 93.66 93.52 
Total mass of Dz in moderator vessel (kg) 3.045 3.1 3.0 2.8 3.1 3.0 2.75 3.1 ,3.003 2.7 
Total mass of vapour in moderator vessel (g) 3.045 2.042 3.989 8.75 1.760 3.990 9.705 1.44 3.99 10.7 
Relative height of liquid level (l- h/D) . 0.91 0.93 0.89 0.82 0.94 0.89 0.80 0.95 0.89 0.80 
Pressure in moderator vessel (bars) 1.570 1.57 1.57 1.57 1.57 1.57 1.57 1.57 1.57 1.57 

Table 2 Variation of some parameters of the SINQ Dg-system as a function of time from an “arbitrary” set of_starting 
values and under a heat input of 3 kW to the moderator vessel. 



Three cases were considered (Fig. 4): 

(a) x = 1 for h/n = 0.5, i.e. dry vapour if the vessel is less than half-full 

(b) x = 1 for h/o = 1, i.e. dry vapour only if there is virtually no liquid volume in the vessel 

(c) x = 0.5 for “in = 1, i.e. there is still a SO % liquid fraction in the r&urn flow even at the 

moment, when a stationary liquid surface cannot be detected in the vessel any more 
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Relative height of vapour space h/D 

Fig. 4 Assumed relations between vapour fraction x (kg vapour per kg .medium). at 

the level point A in Fig. 3 and relative height of the vapour space h/a in the 

moderator vessel. The calculated operating point to remove 3 kW of heat is 
at x = 10.G %, resulting in different degrees of Ming of the moderator vessel. 

Of course, only the initial slope of these curves is of real importance. Table 2 gives the “arbitrary” 
set of starting parameters chosen at the beginning and their values 20, 30 and 60 seconds after the 

system was allowed to adjust to a heat. input of 3 kW to the moderator vessel. While equilibrium has 

not yet been reached after 30 seconds in cases (a) and (c), case (b) virtually reaches its stationary 

situation after about 20 seconds. This is, of course, merely a consequence of the particular choice 
of starting parameters. After 60 seconds equilibrium has practicaUy been reached in all cases. The 

fact that there exists an apparent slight difference between forward and return mass flow even after 

60 seconds is a computational artifact since the calculated mass flow ,depends very critically on the 

pressure difference between the moderator and phase separator vessel. As expected, the relative filling 

height reached in the equilibrium situation is different for the three cases and is determined by the 

amount of vapour required to remove all the heat from the moderator vessel. This can be seen to 

be M 10.6 % mass ratio in the return pjpe for all cases. The filling height is important for neutronic 

reasons because of the effective field of view of the neutron guides. 
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Since lhc geometry is such that a loss of illuminatioa would occur for (l- h/o) < 0.75, a minimum 

vaiuc(i- h/o) s 0.8 is desirable. This is true even iu case (c) which is certainly an overly pessimistic 

one. An initial slope between cases (a) and (b), a situation likely to prevail in the real situation, will 

safely meet this condition. 
. . 

The variation of (l- 
: 

h/ D is shown for the three cases during the first 30 seconds iti Fig. 5, while ) 

Fig. 6 shows the vapour content (by mass) in the return flowing’liquid-gas mixture for the same time 

period. Although almost 90 % of the total ‘mass leaving. the -moderator vessel is- liquid, the vapour 

makes up 84 % of the volume in the pipe. The liquid does not contribute to heat transport and thus 

constitutes a reserve for more power to be removed from the moderator vessel. By comparing Figs. 

5 and 6 it is also obvious, that, as the Ds-levels go to different equilibrium values in, the three cases, 

the vapour fractions, after an initial “overshoot”, tend towards the same mass ratio, which is achieved 

rather quickly in case b. The “stationary” operating-point has been marked in Fig. 4 and is at 10.6 % 

vapour content in all cases. (Note. that the “dryness” is in mass fraction, rather than volume fraction 

as mentioned above!) 

From these results it can be concluded that safe and stable operation of the source will be possible 

at the anticipated power input of around 2 kW andwith a large operat,ional safety margin. Further 
detailed investigations of operational transients are planned for the future. 
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Fig. 5 Calculated filling height of the’moderator vessel ‘ti Zt function of. time for the 
three relations given in Pig. 4.’ Curve numbers caj tih.& (c) match in both 

figures. Fill Traction is (1: h/D). . 
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Fig. 6 CalcuIated change of the vapour fraction x as a function of time for the three 

relations between x and h/D given in Fig. 4. Curve numbers match in both 
figures. The equilibrium value for the three curves is x = 10.6 (kg/kg). 

V SAFETY PROBLEMS 

Since thermal insulation of the cold Dz-system is achieved by a vacuum environment, loss of insulating 

vacuum is one of the main incidents which have to be taken into account in the design. Although in 

general there will be a gradual increase in pressure and hence in heat transport to the cold system, 

it is difficult to predict exactly what sequence of events one has to consider. As a relatively flexible 

approximation, we assumed an exponential increase of heat transport according to the equation 

P (t) = P,,,. - (I - ezp (- I/T.)). 

The time constant P can be varied and the heat influx applied to any part of the system. T is essentially 
determined by the thermal transport properties of the gas between the two walls. Heat conduction 

within the walls is much faster and has been neglected. The maximum power, P,,, takes into account 
the variation in temperature and heat transfer coefficient in those regions, where superheated vapour 

is present, i.e. as the temperatures rise above the boiling point of the liquid. 

The parameters chosen for the calculation are r = 300 msec with a peak specific heat influx per unit 

area of 36 kW/m *. Furthermore, in order to remain on the pessimistic side, it was assumed, that, at 

the moment of loss of vacuum, the moderator vessel was filled to the level of the outlet pipe and the 

connecting pipes to the phase separator were completely filled with stationary liquid (no circulation). 
The phase separator was assumed to be 10 % full, as given by the total amount of D2 in the system. 
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‘l’hc hcrease of hat input to the modcralor vessel as a function of time is shown in Fig. 7 for the 
first one second; Fig. 8 gives the pressure in like moderator vcssct and the phase separator for the 
same period of time. it can bc seen that, as a consequence of the expukion -of the liquid from the 
pipe system, a temporary increase in pressure from the &&nary value of 1.56 bars to 2.25 bars takes 

place, which decre&es again, as more and more $3~ is expelled Gem the moderator vessel. 

0 .2 .4 -6 

Tie kid 

.a 1 

Fig. 7 Assumed variation of power input to the moderator vessel after a loss of insu- 
lating vacuum at t = 0. At t< 0 the system was in a steady state with only 
0.5 k-W of power input (thermal lossesi and virtually no Dz- circulation. 

The flow velocity of the medium at various points in the system as a function of time is shown in Fig. 
9. As a consequence of the simultaneous onset of beat influx on aU cold parts of the system, flow start! 
at t = 0 everywhere in the cold part with a delay due to the velocity of sound at’ the entrance to the 
ballast tank (curve d). The various “capacitor” volumes are also visible at that point. Furthermore, 
it can be observed that, at very short times, a return flow exists from segment I to the moderator 
vessel which results from the compressibility of the vapour initially present in the moderator vessel. 

Taking into account that the gas pressure in the system is 2.8 bars when warm, the Fe&s found here 
give no cause for concern. (The system pressure of 2.8 bars will eventually be reached ‘at long times, 
but 1 set is by far, too short to notice any m&e in that direction). 

As a consequence of the rapid’expuision of the cold medium from’the moderator tessel an,d the ph&e 
separator, a front of cold medium is pushed through the pipe connecting the phase separator to the 
ballast tank. Assuming that, at stationary state, a linear temperature gradient exists over the length 
of pipe segment 3 between 25 K and 298 .K the change in temperature at various points of the system 
is shown in Fig. 10. The onset of the temperature drop is linked to mass transport rather than to the 
velocity of sound as is the onset of mass, flow. Hence the longer delay: 
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Fig. S Pressure in the moderator vessel (curve a) and in the phase separator (curve b) 

during the first one second after a loss of insulating vacuum. At longer times 

the pressure increases very gently as the liquid evaporates and the system 

warms up. 

The effect of heat input to the pipe is clearly visible as a change in slope as the cold front propagates 

along the pipe. 

It is important to note that the whole length of the transfer pipe between phase separator.and ballast 

tank will be’cooled down to 25 K in the case of a loss of insulating vacuum. (This has to be’ accounted 

for in the layout of the pipe.) 

The above results are also applicable to the situation of a fairly sudden rupture of the moderator vessel 

with Dz-spill into the vacuum space, as long as the return flow pipe to the phase separator remains 

unblocked. The extra volume available in this case will even help to keep the pressure on the vacuum 

jacket lower. This situation remains to be considered in more detail. 

For the sake of completeness, although of no real meaning, two increasingly simplified cases have also 

been considered: 
* 

- all heat input goes to the moderator and phase separator volumes alone, (no heating of the 

connecting pipes); fi. 
- as before, but in addition an effecting instantaneous increase of heat inputto its maximum 

value (r = 3 ms) 
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“Fig. 9’. Flow velocity at various points in the Ds-system after : 

b loss of insulatirig vacuum at t = 0. 

curve (a).; point 1 in.Fig; 2.(exit of moderator vessel) 

curve (b) : point 3 in Fig. 2 (entrance to phase separator) 

curve (c) : point 4 in Fig. 2 (exit of phase separator) 

curve (d) : point 8 in Fig. 2 (entrance of D2-ballast tank) 
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Temperature evolution at various points in the Ds-system 

after a loss of insulating vacuum at t = 0. 

(a) point 5 in Fig. 2 (at 30 cm above heat exchanger vessel) 

(b) point, 6 in Fig, 2 (at 156 cm above heat exchanger vessel) 

(c) point 7 in Fig. 2 (at 180 cm above heat exchange vessel) 

(d) point 8 in Fig. 2 (entrance to D2-ballast tank) 

. .^ 



25~ 1 3.5 

-5 I I I I I I 
0 .2 A .6 .8 1 

The bed 

1.5 I I 7 1 1 I 
0 .2 .4 .6 .8 1 

Time bed 

Fig. 11 Flow velocity of medium at’ the exit point from the .Fig. 12 Pressure rise in the moderator vessel for the three 
moderator vessel (point 1 in Fig. 2) for three different cases of Fig. 11. Curve numbers in both figures match. 

assumptions on heat input 

(a) heat input along the whole D2-system according t, ’ 

Figure 7 with 3.6 W/cm* of surface, heat flux 

(b) Heat input concentrated on moderator and phase 

separator volumes but matching the total heat input 

of curve (a). 

(c) as b but time constant of power rise reduced from 

300 ms to 3 ms. 



The’ flow velocities at the entrance to pipe segment A are shown in Fig. .il for’ the three cases.’ It 
can be seen that “backfiring” only occurs when heat input to the pipe is allowed. As expected, a 
much faster velocity results from the increased heat input, with a clearly visible faster rise in the step 
function case. 

Nevertheless, as can be seen from Fig. 12, where the resulting pressure increase in the moderator 
vessel is shown, no dangerous situation with respectt’o ,thi integrity of the moderatorvessel~ will be 
encountered, even under the assumption of an “instantaneous” rise. of.the heat input (curve c). From 
curve a and b it can be seen that the lack of “backfiring” into the ‘moderator vessel in case b results 
in a lower peak value and a faster decrease of the pressure although the total heat to the moderator 
vessel input is higher than in case a. 

: 

VI CONCLUSIONS 

The computational model set up for the Ds-system of the SINQ cold moderator helped us to under- 
stand and predict very welI the behaviour of the system under normal operating conditions as. well 
as in the incident of a loss of insulating,vacuum. It could be shown that the design pressure of the 
moderator vessel is not reached or exceeded inany situation, even under non-realistic-assumptions. 
The model will be used in future to further refine our understanding of the behavio,ur and - if required 
- to study other accident scenarios. 
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ABSTRACT 

At the continuous, high power Spallation Source SINQ design provisions 

have been made in the DzO-moderator tank for both, a DQ:. and HQ-cold 

moderator. While the Hz-moderator will be available as a long term 

option, the Ds-moderator, equipped with a neutron guide system will 

be a day-one facility to provide the low-energy neutrons for the guide- 

hall instrumentation. The paper describes details of the the technical 

concept of the Dz-cold moderator which takes into account boundary 

conditions, considerations. on flux optimization, operational feasiblity 

and safety. 

I INTRODUCTION 

The principle design considerations of the Dz-cold moderator for SINQ, balancing the different requi- 

rements within the boundary conditions of the SINQ general concept, were outlined at the previous 

ICANS meeting 111. Meanwhile, a detailed technical design has been evaluated on the basis of the 

principle layout. The design is supported and refined by theoretical thermal-hydraulic investigations 

of the operational features, safety rquirements and failture management which are treated separately 

121. The present contribution concentrates on the technical layout of the moderator tank, the cryogenic 

system, shielding plug and subsystems for the Dz-handling. 

II GENERAL DESIGN OF THE SINQ COLD D2-MODERATOR 

In order to minimize radiation damage of the cryogenic system, it was decided.not to place any 

components of the cold moderator system other than the moderator vessel itself into areas of high 

radiation fields of fast neutrons. This means that a horizontal insertion port for the cold moderator 
was foreseen and the heat exchanger of the natural convection system was moved back into a well 
shielded region. This results in fairly long tubes between the moderator vessel (main heat source) and 

the heat exchanger (heat sink) and hence requires a large vertical separation of the two to overcome 

the frictional forces in the tube system by the buoyancy force of the liquid-gas mixture flowing back 

from the moderator vessel. 

Experiments carried out by Hoffmann 131 in conjunction with the development of the second cold 

moderator at the ILL-reactor 141 showed that such a system could be operated over a large range of 

heat input. In our case we decided to place the vertical leg partway to the outside of the shielding 
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block jar three. reasons:. > . 

. . 1,. 

2. 

3. 

_’ _. i 
The need for shielding behind the -horizontal leg would have blocked space valuable for 
neutron scattering experiments -; ._ , ._ 

Placing the heat .exchanger in the shielding ‘bl~‘a~t~~aticaaiy ,provides good mechanical 
protection 

The length of the tube and hence the amount. of liquid Dz as well as the frictional forces 
could be reduced. ,.. 

This design implies that the horizontal and vertical leg of the cold source cannot be installed as one 
unit, but have to be put in place separately with a connection made before the shielding plug behind 
the horizontal leg can be mounted. The vertical cut through the SINQ target station shown in Fig. 1 
illustrates the geometric arrangement of horizontal and vertical leg inside’ the ai& shielding. 

( : 

Cryogenic equipment (cold box) and the control system.for the source willbe placed next to the main 
shield at a level of 9.5m above ground on top of the neutron guides with a cgnnecting channel to the 
service areas and to the D2-storage tank and parts of the gas handlisg’system, located outside the 
neutron target hall on the roof of the equipment access building. 

., 
A block diagram of the various sub-systems is shown’in Fig. 2. ’ . I,, 

III THE COLD M;ODERATOR SYSTEM ‘. 
I 

The design of the aold moderator part was governed by the neutronics considerations presented earlier., 
111. Its location with regard to the target centre was optimized based on:flux calculations as shown in 
Fig. 3. In order to avoid rethermalization of cold neutrons upon extraction from the moderator, the 
cold moderator insertion port will be connected to the neutron extraction port resulting in a T-shaped 
structure inside the ‘moderator tank,‘Fig. .4. .. * : -: . : .. .: 

The mechanical stability of this structure under thermal loads, buoyancy forces and various differential 
pressure conditions is. presently under investigation by computational methods. . .,, ,. 

Fig. 4. also sh_ows the D2. moderator. vessel in the,T-shaped tube structure and the D20 reqector 
volume which should compensate most of .the, losses occuring due to reflector, volumes displacement . . : 
by the cold source insertion tube. 

r 

The horizontal cold moderator insert is completely independent of this: T-structure. It is shown 
composed (Fig. 5a) and disassembled to the main sub-units’(Fig. 5b) which arti ’ 

0 

l 

0 

’ .’ ’ 
a double-wslled.vacuu,m jacket with a helium barrier between the outer and the inner tube. 
The part of the vacuum jacket intruding into: the DSO-tank consists of ‘a;i .outer 2’mm thick 
AlMgs-tube and an inner zircalloy tube, 3 to 4 m’m thick; Ghich’ is.‘the pressure.safety tube and 
will withstand an internalpressure of 30 bar,- : ~ .._ I ; :. _: :-. 

The source plug, comprising the moderator vessel, the concentric tram& tubes for liquid deute- 
rium (inner &be) a&liquid-gas mixture-(outer tube)& the heat removal ,$ystem, and a protective 
support tube which changes to a massive shielding sleeve outsidethe.DiO. tank. ;_ 

* , .’ ~. 

The shielding and reflector plug comprising a DsO reflector volume to be located behind the Dz 
moderator’to minim& losses, its associated DiO ,circulation tubes ‘and the cylindrical central 
shielding plug of the insert. ” .’ “. ‘. ‘- .’ 

;. 
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The moderator vessel itself will be made of 99.5 % pure aluminium, semi-hard with one welding seam 
around its cylindrical surface at the far end with respect to the target. Material softening by the weld 
requires the wall thickness. of the vessel to be increased from 3 to 5 mm in this region to obtain the 
desired strength to resist an internal pressure of 4.4 bar. Fig. 6 shows a- vertical cut .through the 
moderator vessel and its concentric Dz-flow. tubes. Some.relevant .data are given in table 1. 

Material 
Outer diameter 
Length 
Wall thickness ‘- 
Total volume 
Volume filled with liquid D2 
Total mass of Al 
Total weight of filled vessel- 
Design internal pressure 
Max. operating pressure 

Al 99.5 
2961300 

354 

315 
22.3 

N 20 
4375 

N 7.6 
N 4.4 

2.8 

mm 
mm 
mm 

1‘ 
1 

g 

kg 
bar 
bar 

Heat deposition at 1 mA proton current: 
front cover 173 W 
cylindrical part 67 W 
back cover 15 W 
deuterium 1250 W 
Tot.al 1505 W . 

’ Max. surface heat flow I 0.2 W cm* 

Table 1: Some relevant data for the &-vessel, of the SINQ cold moderator 

The vertical leg of the cold moderator system is shown in Fig. 7. It will be inserted from the top 
into the shielding, and connections to the horizontal leg will be made inside the connector box where 
the two inserts meet. This box will afterwards be sealed to connect the insulating vacua of the two 
inserts. The second flange on the connector box shown in‘Figs. 5 and 7 completes the protective 
helium barrier (see below). 

The main components of the vertical insert are: 

the vacuum jacket surrounding all cold parts for thermal insulation 

the D2/He heat exchanger (plate heat exchanger with interconnectors) to remove the total of 
2.65 (Ip = I.5 mA) kW of heat load from the D2 (capacity 3 to 3.5 kW). 

the phase separator located beneath the heat exchanger to remove the liquid from the phase 
* mixture coming up from the moderator vessel. 

the concentric D2-transfer tubes ending in the phase separator in such a way that liquid D2 is 
flowing downwards in the inner tube and the liquid-gas mixture comes up in the outer tube to 
a higher level for phase separation 

the vacuum dome above the heat exchanger where the cold He-transfer tubes and the D2 gas 
tube penetrate the .cold moderator insulating vacuum space. 
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IV THE COLD, HELIUM SYSTEM .h 2. : .: :. 9 

. . ‘. I 

Refrigeration of the Dz in the. heat exchanger is accomplished by cold helium gas from an existing 
cold’box whose Cal&&y. is being upgraded to A’ 3 kW. WithI’a total of 2.65 kW to‘be removed from 
the Dz-source, this offers some reserve. The helium will be sutiplied to the heat exchanger at 18 K 
and 7,5 .bar and will return at 25 K, 7 .bar. The cold box -will operate at constant cooling power; at 
reduced source power ‘heat will be provided .to the system -by a&ill&y. heaters .in the. helium ‘circuit, 
controlled by the Dz-pressure in the system. The cold helium transfer_line between’the cold. box and 
the heat exchanger will be 20 m long ea+,way and will be in: a channel-inside .the~target~sh&lding 
block. Its outer diameter will be 90 - 100 mm. i, : .i, _, ; .’ : ;ti_.‘, : ., 

V SAFETY PROVISIONS 
: : *. 

. ‘- _- -_. ., ;,..: ., * ,I. 
The safety concept -of the Ds-cold moderator in the first place pursues two,obje@s, first to ensure 
secure enclosure of the (tritium contaminated) deuterium, and second to prevent the formation of an 
inflammable mixture of hydrogen and oxygen. %‘or these purposes,‘ft relies on passive safety devices 
which are: 

. . . . . 

- multiple containment for I)2 

- protective barrier system 

- mechanical protection 

- remote positioning of storage tank and gas handling devices 

These passive devices are complemented by active devices which ensure early detection of anormal 
operation conditions and, in case, suitable automatic actions to prevent accidents and damage of plant 
components. Among these devices are: 

- control of pressures and contaminations in the protective gas barriers 

- pressure control and residual gas analysis in the insulating vacuum 

- temperature monitoring of the moderator vessel and the surrounding vacuum jacket 

- control of the purity of the deuterium before filling and during operation 

The containment and barrier system is designed to avoid any possible contact between deuterium and 
oxygen from the air which could ultimately form an explosive gas mixture. Although the SINQ beam 
ports are filled with helium which also surrounds the horizontal insert of the cold moderator, it was 
decided to have a separate additional helium system around the cold part of the Dz circuit for the 
following reasons: 

l the pressure in the beam-tube gas system is below atmospheric pressure to make sure that in case 
of a leak the flow always is to the inside to avoid spreading possible radioactive contamination 
into the atmosphere. By contrast, the pressure in the protective He-barrier of the cold source 
should be above atmospheric pressure (1.1 bar) to avoid contamination with oxygen in case of a 
leak to the outer atmosphere 
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the cold moderator helium barrier will ;b,e~ continuously monitored for .oxygen contamination 
which suggests having as small a volume as possible 

in case of the need,for.access to. the structural parts of the. cold moderator system, the beam 
port helium system needs not be .opened. 

The helium gas in the protective barrier will be continuously circulated, carefully monitored for pres- 
sure loss and contamination by other gases and refrigerated to remove the heat it picks up from the 
walls in the region of high neutron flux.’ ’ 

Outside the main shield ‘all system parts containing *arm D2-gas will be surrounded by a Nz-gas 

barrier rather than helium for the following reasons: 

l N2 is much cheaper than helium 

l Helium is used for leak detection on experimental facilities and thus should be present in the 
smtiest possible amounts in the air 

l monitoring for deuterium is easier in nitrogen than in helium 

The pressure in the N2 protective barrier will also be kept at 1.1 bar to avoid oxygen-intake in case of 
a leak. 
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Q(E.P.Shabalin): May be, I missed but you did tell nothing about vacuum layer between & and He. Is there 
evacuated volume outside the vessel? 

A(W.Wagner): The ent&e cold &system, in the horizontal and vertical inlet, is encapsulate by cryo-vacuum. 
Q(T.Kawai): Why,do you Use the phase separator in addition to the heat exchanger? 
A(W.Wagner): Because the system is based On isothermal natural circulation, driven by bubbles of &-gas in the 

liquid b-back-flow line. 
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Fig. 1 Section through part of the SINQ target block along the plane of the Dz-cold mo- 
derator inserts. For detailed parts designation see Figs. 5 and 7. 
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Fig. 2 Simplified diagram of the various subsystems of the Dz-cold moderator for SINQ. Helium is used for the 
protective barrier of the Dz-system only inside the target block. Outside the target block N2 is used. 
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Fig.4 Layout of the SINQ-D,O-tank with T-shaped structures for cold moderator insertion and neutron extraction, avoiding 
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Fig. 5a Vertical section through the horizontal insert of the SINQ cold Dz-source. 
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Fig. 5b Vertical section through the parts of the horizontal insert, i.e. the double walled vacuum jacket, source plug 
with moderator vessel and concentric transfer tube, and shielding and reflector plug. 
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ABSTRACT 

The present report describes that a cold neutron source (CNS) 
having a closed-thermosiphon cooling loop shows a self-regulating 
characteristic under thermal disturbances if the effect of the 

moderator transfer tube is negligible. Due to this property, the 
liquid level in the moderator cell is kept almost constant under 
thermal disturbances. 

The thermodynamic meaning of the self-regulating property in 
the idealized closed-thermosiphon and the effect of the moderator 
transfer tube to the self-regulation are described. 

Keywords:cold neutron source;thermosiphon;self-regulation; 
moderator transfer tube;liquid hydrogen;liquid deuterium. 

I. INTRODUCTION 

The cold neutron source(CNS) is a facility to increase the 
cold neutron flux by cooling the moderator where the cold 
neutrons are extracted. Although there is a wide choice of 
materials as a cold moderator, liquid hydrogen and liquid 
deuterium have been used in many research reactors including HFR 
in ILL'**. The principal design criteria are the safety security 
of personnel and the reactor, as well as the maximum increase 
and a stable supply of the cold neutron 

Recently, very cold neutrons (VCN) 
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flux. 
and ultra cold neutrons 



(UCN) have’been used in the field of fundamental physics. VCN are 
also extracted from CNS using vertical VCN guide tube, and they 
are further converted to UCN by using UCN turbin3. The superfluid 
helium-4 UCN source makes use of cold neutrons with the 
wavelength of about 9 A as the incident neutrons4. For this 
facility, CNS is also available for providing the intense cold 
neutrons of the wavelength of about 9 A. 

From the studies on the safety and the functions of 
described in the previous paper’, it became evident that CNS 
a closed-thermosiphon cooling loop using liquid hydrogen 
liquid deuterium as a cold moderator is one of the 
selections in respects of the safety and the function. 

Keeping the liquid level stable in a moderator cell 

CNS 
with 

or 
best 

and 
preventing sudden bubbling are the important functions of CNS for 
supplying the stable and steady cold neutrons. Cryogenic system 
with a closed-thermosiphon loop is appropriate for this 
purpose6. Figure 1 shows 
a simplified flow diagram of 
a cold neutron source with 
a closed thermosiphon. This 
is a hydrogen cold system 
consisting of the condenser, 
the moderator transfer tube 
and the moderator cell. 
Gaseous hydrogen or mixture 
of hydrogen and deuterium is 
liquefied in a condenser 
located in a separated region 
from the moderator cell, and 
liquid moderator is transported 
to the moderator cell through 
the moderator transfer tube 
(a two-phase countercurrent 
flow tube). 

The moderator transfer 
tube is required to satisfy 
the certain conditions for 
the purpose mentioned above?. 

Hydrogen reservoir tank 
t 

Nzheating 

Fig. 1. Schematic diagram of 
the hydrogen cold. system for 
a closed-thermosiphon. 

An alternative cooling system without the transfer tube.of 
liquid moderator is also considered and practically adopted at 
HFBR CNS in BNL’. In this system, the moderator cell itself acts 
as the heat exchanger with the cold helium gas, and gaseous 
hydrogen is transported to the cell and liquefied there. A 
peculiar advantage of this system is that no work is demanded for 
the mass transfer and. thus the cooling capacity liquefying 
hydrogen vapor evaporated is equal to the heat absorbed in liquid 
hydrogen. The temperature difference between liquid and vapor is 
negligible. and the heat-exchange efficiency is maximum.. We 
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need not suffer from the problems relating to the moderator 

transfer tube such as the flooding phenomena. 
However., if -the heat deposition rate due to nuclear heating 

in- the wall of the moderator cell is larger than the critical 

value, or the,thickness of the chamber wall is great, the maximum 
temperature in the inner position of the wall becomes higher than 
the boiling point of the hydrogen. Not only the removal of 
nuclear heating but the storage of liquid hydrogen become, hence, 
impossible. 

An another disadvantage of this system is that a large 
temperature difference between the liquid moderator and the 
refrigerant is required to remove .a large quantity of heat 
generated in the liquid moderator. This brings the difficulty of 
keeping the liquid hydrogen from solidifying at the time when the 
heat load decreases suddenly, and further an excessive heat load 
is.brought due to the additional cooling pipes. 

CNS with a closed-thermosiphon cooling loop is considered to 
be more appropriate than that with the moderator cell acting- as 
a heat exchanger for a high power research reactor by the reasons 
mentiond above. 

The hydrogen system of the closed-thermosiphon loop works as 
a constant.volume loop which consists of the reservoir tank- and 
the hydrogen cold system. The cryogenic system consists of a 
helium refrigerator and the hydrogen system. The boiling point of 
the moderator such as hydrogen and deuterium is determined by the 
pressure of the closed system and these quantities are related to 
each other through the vapor pressure curve. Boiling-point rises 
as a pressure of the system increases. Cooling power of the 
helium refrigerator increases also with a rise of the'temperature 
of the cooling system. 

When the additional thermal load is applied to the hydrogen 
cold system, for example owing to the reactor power fluctuations, 
the pressure in the system rises due to the more evaporation of a 
liquid moderator, and therefore the boiling point rises with it. 
Since the helium temperature at the outlet of the condenser 
rises, the liquefaction capacity of the, condenser apparently 
increases with a refrigerating power increase of the refrigerator. 
Therefore, the effect of the thermal load increase is mostly 
compensated. 

Such a cryogenic system is called here to have a self- 
regulation to the thermal load fluctuationsg. 

We first discuss the thermodynamic meaning of the self- 
regulation of the idealized'closed-thermosiphon. 

II. SELF-REGULATING POWER OF THE IDEALIZED CLOSED THERMOSIPHON 

The idealized closed-thermosiphon behaves as though the 
effects of the transfer tube neglected as shown in Fig-. 2. 
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For this case, the mass balance 
equation for the hydrogen 
vapour M[.gm] can'be 'written as:': 

Ciqutifation power : 1 

I I 
THY IKl 

dM/dt={Q-UA(T-Tti,)}IAH -. (1). 

where Q[J/s] is a quantity of 
nuclear heating and U[W/cm'*K], 
A[cm*l, TH,[Kl, AH[J/gml are the 
total heat transfer coefficient' 
of the condenser evaluated at 
the.bulk fluid temperature T[K], 
the area of the cryosurface, 
the temperature.bf the helium 
coolant and‘ the.latent heat of 
evaporation of hydrogen. The 
first term on the right-hand 
side'represents the quantity 
evaporated per unit time and 
the second term stands for the 

-. Il~O(J/S]~ : 
Heat load 

I s. 

Idealized closed-thermosiphon 
I I_ 

. 
,: I 

Fig. 2. Diagram..of-.the idea- 
lized hydrogen cold system. 

,:._ 

condensing vapour quantity.. ,In 
addition, it is reasonable to assume that the state equation for 
an ideal gas holds for a hydrogen vapour. A much s*mpler-analysis 
follows for a pressure P[atm] of the system assuming a constant 
THe and a constantvolume of the control vessel V[cm"l as: .: 

. :. : 

dP/P=dMjM+dT/T : .‘. : 
(2) 

. 

Upon substitutron the -Clausius-Clapeyron relatron 

dP/dT= (AH P)/(RT*), ., (3) '., 

into Fq. (2), with a gas constant R[J/gm*,K], 'the following 
results 

* s 

dM/,,Mk(H/(RT')-l/T)dT ’ (4) 

where AH-is',assumed to be congtant: .IP we represent,quantities at 
the- steady. 'state with a subscript 0 and consider a small 
devkation,from the steady state, then the following eequation (6) 
can be obtained from Eq. (4) with reasonable assumptions TzTo and 

AH/(RTo2)>>1/To ,' (5) ’ 

M=M,{l+AH(T-T,)/(RT,')). j ’ ’ (6) 

From Eq; (l), the mass ba-lance at the steady state T=To is given 
as 
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dMo/dt={Qo-UA(To-TH,))/AH . (7) 

For the infinitesimal change of the bulk temperature, the 

following expression can be obtained by subtracting the 

respective terms in Eq.(7) from the corresponding terms of 

Eq.(l); 

d(M-Mo)/dt={(Q-Qo)-UA(T-To))/AH- (8) 

From Eq. (6), it also follows that 

T-To=(M-Mo)RTo*/(MoAH). (9) 

From substituting Eq. (9) into Eq. (8), with m=M-M. and q=Q-Qo, 
it follows for the dynamic expression of the idealized closed- 
thermosiphon that 

AH dm/dt+r) m=q , (10) 

where 

a=UARTo'/(MoAH) 

represents the liquefaction power of the condenser. 
Equation (10) can be used as a starting point for the 

discussion about the self-regulating characteristic as a cold 
neutron source. 

If we suppose that the stepwise heat load ql(=QX-Qo) is 
applied at t=O, a change of the vapour quantity is given using 
(10) with T=AH/~) as 

m=(qlT/AH)(l-exp(-t/T)). (11) 

We can easily find the behavior of m for t+a from Eq. (ll), i.e., 
an another equilibrium state resulting in m=q,/rl. The greater the 
value of (l/7) which relates to the liquefaction power of the 
condenser, the more rapidly the new equilibrium state is 
established. Therefore, T means the relaxation time and we call 
here l/7 the self-regulating power of the idealized. closed- 
thermosiphon. 

If we introduce a sinusoidal heat load q=q*sin ot, we obtain 
the solution of Eq. (10) as 

m=(q*r/AH){sin ot-oTcos ot+oTexp(-t/T))/(l+(To)?). (12) 

The neglect of the third term leads to the solution after the 
transient state, 
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m={(q*7/AH)/(l+(07)2)1/2)Sin {td7-tt3n-=(a7)). (13) 

It can be seen from Eq. (13) that the phase lag of the output 
relative to the input approaches to n/2 for o -)m. When l/7 is 
large, that is, the liquefaction power of the condenser rl is 
large, Eq. (13) is approximated by 

mz(q*7/AH)sin ot. (14) 

This indicates that the cryosystem follows the change of the heat 
load without a significant phase lag if the cryosystem fulfills 
the condition required by Eq. (10). Furthermore, if rl >> q”, 
i.e., the liquefaction power of the condenser is sufficiently 
larger than the heat load, the change of the liquid quantity due 
to a heat load change is small. This means that the liquid level 
in the moderator cell is almost stable against the disturbances 
of the heat load applied to the cryosystem. 

It is concluded that the cryosystem has a self-regulating 
characteristic as a cold neutron source if the moderator transfer 
tube fulfills certain conditions necessary for holding Eq. (10) 
in which the effect of the moderator transfer tube is neglected 
and further the liquefaction power is sufficiently larger than 
the heat load applied to the system. 

III. EFFECTS OF A MASS TRANSFER IN THE MODERATOR TRANSFER TUBE 
WITH A CONSTANT FLOW RESISTANCE 

When the effects of the mass transfer in the moderator 
transfer tube is negligible, the time lag due to the mass 
transfer is also negligible and the cooling loop behaves as if 
there were not the moderator transfer tube. The smaller the 
diameter or the longer the length of the moderator transfer tube 
is, the more steeply the flow resistance becomes large due to 
the pressure drop increase. The flow resistance brings about the 
time lag to the liquefaction power increase of the condenser 
owing to the pressure rise of the cooling system and the 
behaviour of the cooling system deviates from the ideal one 
described by the equation (10). 

We assume that the cooling system became a steady state. In 
this case, the steady flow of the hydrogen vapor from the 
moderator cell to the condenser through the moderator transfer 
tube is established under the heat load of Q[W]. If we express 
the values at the moderator cell and the condenser by the 
subscripts 1 and 2 respectively, and the flow resistance by r[cm-l 
‘S -1 I, the flow rate W,[ g,/s] of the hydrogen vapor can be 
expressed in the form 

(15) 
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where P[dyne/cm*] is the pressure-of the-system..The mass of the 

hydrogen vapor is given by equations 

dMJdt=(Q,AH)-Wi (16) 

dMz/dt=Wi-UA(Tz-TH,)/AH . (17) 

where U[W/cm' OK] is an overall heat transfer coefficient, A[cmZ] 
being a heat transfer area, and THe the refrigerant temperature. 
The 2nd term- in the right, hand .side of the equation (17). is 
writtten by “: 

_I 

UA(Tz-T,-,,)/AH=(UARTzO* /(M~~AH*))Mz+~UA(T~~-~H),AH--UARTZ.O*,AH.*~ 

=nM2+uc . . ., (18) 

. . 

where the subscript 0 represents the value in a stationary state 

and the constant value a, is the 2nd term of the right hand side. 
It. follows ‘by substituting the equation C-18). into the equation 
(17) that 

dM,/dt=W,-??M,-a, (19). 

The following equation refering to the quantities m=M-Mo, q=Q-Q. 
and wf=Wi-Wro is qbtained by rearranging terms from equations 

(151, (161, (19) 

dml/dt=(q/AH)-(Klml-Kzm2J/r (20) 

dm2/dt=(Klml-K2m2,)/r-nrn2 t.211 

where K is the conversion factor from the pressure to the 
hydrogen mass,. being now assumed to be constant. If we eliminate 
m2 from the eq. (20) and ml from the .eq. (2113 expressions 
refering to respective quantities at the moderator cell and the 
condenser are obtained, 

d2ml/dt2+2h(dml/dt)+k2m~=~l/AH)~'dq/dt)+(L,~/AH~q 

d2m2/dt2+2h(dm2/dt)+k2m2=(L2/AH)q 

where, 

2h=(K,+K2)/r+n. k*=K=r)/r. L1=K2/r+T), L2=Kl/r 

For simplicity, we assume that the heat 
sinusoidally in the following way 

(22) 

.(23) 

(24). 

load changes 
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q=,qOsin ,ot- * . . <(25) 
,. . I 

In this case, Zt is.easy,to obtain the particular solutions mi'., 
mz' for equations (22‘), (23):, then solutions are.a' :. 

. , 

mX'~(q,/J(k2-02)*+4h2~'.) 

m.'=(q1/J(k2-02)"*4h20z) 

where 

. .* 

sin{ot+tan:1(o/LX)-tan-1(2hu/(k2-ti2))) 
(.26) :. 

sin(ot-tan-1(2hti/(k2&2))) o? 1 

ql=(q'/AH)/L,*+w* , qz=(qOJWLz (28) 

On the other hand, ,the general solution of the equation (22) 
can be expressed in three different forms 'according. to the 
conditions imposed to the constant factors as follows: 

(i)when h2-k*<O; the general solution ml" is obtagned by setting 
h*-k*,_c* 

ml "=exp(-ht)(C1cos It+C?sin It) (26) 

where Cl, C2 are. arbitrary constants determined from initial 
conditions. This solution exhibits the damped oscillation.. 
(ii)when h*-k*>O, the solution is written in the form using 
y&h*+* 

mlw=cl exp{(r-h)t}+C* exp{-(y+h)t} (30) 

This solution tends to zero when t+m. 
(iii)when h*-k*=O, the solution is 

ml"=exp(-ht){C1+Czt) (31) 

The 

the 
can 

general solution mz" for the equation (23) is written like ml". 
The response of the hydrogen mass at the.moderator cell and 
condenser to the sinusoidal heat load applied to the system 
be expressed by the particular solutions (26), (27) exclusive 

of the transient period. The following becomes clear from these 
solutions: 
(i)When the variational frequency o o.f the heat load is equal to 
k, the quantiti-es of the hydrogen vapor at the moderator cell and 
the condenser approach their maximum value, that is, the 
resonance phenomenon appears. In this case, the phase lag at the 
condenser is a/2 and 1arge.r by tan-' {(~)/(KJr+n)) in 
magnitude than that at the moderator cell. (ii)At .lower value of 

the flow resistance in the moderator transfer tube and o<k, then 
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the maximum quantity of hydrogen vapor becomes small and the 
phase lag at the condenser is approximately tan-'((K1+Kz)o/(K1a)) 
and nearly equal to that at the moderator cell. Thus, the system 
shows characteritics like the case in which the effects of the 
moderator transfer tube is negligible. (iii)The vapor quantities 
and phases are generally different between the moderator cell and 
the condenser. Therefore, the self-regulating characteristic 
disappears when the effect of the mass transfer through the 
moderator transfer tube is not negligible. 

IV. CONCLUSION 

We discussed about the thermodynamic meaning of the self- 
regulating power of the closed-thermosiphon type CNS when the 
effect of the mass transfer through -the moderator transfer tube 
is negligible. 

It is concluded that the cryosystem with a closed 
thermosiphon has. a self-regulating characteristic as a ,cold 
neutron source if the effect of the moderator transfer tube is 
negligible and the liquefaction power of the condenser is 
sufficiently larger than the heat load applied to the .cryosystem. 

The self-regulating characteristics disappear when the flow 
resistance through. the-moderator transfer tube i-s large,, because 
a resonance phenomenon and a large phase difference between'the 
hydrogen vapor quantities of the moderator cell and .of the 
condenser occur in this case. 
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Q(G.S.Bauer): Can you give an estimate for the minimum cross section of the transfer lineSper unit length and 
unit heat input Iequired to allow stable operation? 

A(T.Kawai): It’s very difficult to answer to this question correctly and practically. We can only suggest from the 
following points of view, that is, flooding constraints, pressure drops and flow patterns in the transfer pipe. 
However, this is calculat@ result, not expeximental one, and further bubbIing, phenomena is not included. 

: 
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,.. _: : _. 

Fig.2. Moscow Ae.Wn;- fa’&ry;’ .‘:I$ ineai- ,rjir0 ton ackelerator: Z-expe- 
rimental hall; 3-prbtok storage. ring; _’ .4-assembly’ of I neutron sour- 
ces; S-neutron: guid’es; 6-beam &b&2 7_neutron, lab&at&y. 

On the da&. of the” bunched .proton beam neutron 
fluxes of thermal and. cold neutrons 

the pulsed 
for researches on condensed 

matter physics as well as the,. fluxes of resonance neutrons may be 
obtained. Spectrometers of resonance neutrons based on the pulsed 
neutron source of Moscow meson factory will give a possibility to 
carry out research on the neutron nuclear physics, to study in 
details the partial processes of the neutron interactions with 
nuclei in isolated resonances and in, the field of the overlapping 
levels. 

The pulsed character of the primary neutron f,lux, the 
neutron release between pulses is small [this release ,,.- for 

whfpa 
u n, 

1X, for lead -0. ix,. and, for targets of a medium .’ : atomic weights, 
for example molibdenum targets; -1cP7. : /4/l, gives the possibility 
to obtain in good’ moderators (D20, Be,. Cl, if “the time selection of 
events is _used, : the quasistationary fluxes of thermal and cold 
neutrons with the small additions of over-thermal and fast neutrons 
(time .thermal ~~column”). Time selection of the background allows 
such experiments as the study of neutron_neuQ-on :I scattering .and the 
search of neutron-antineutron oscillations to be implemented /7/. . _. 

The assembly of neutron sources is constructed on the basis of 
two proton ‘beams,. which,‘- can be used simultaneously. ’ The . first.’ one 
is. the proton -beam. from ‘the %delerator with’ the average. current of 
up to 1: mA. - The time structure of .I, the beam is’ the sequence of 
macropulses with . ,the duration 4100 vs. The repetition rate is up 

:. i, 
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to 100 Hz. This beam hits onto the neutron target of the 
quasistationary source of thermal and cold neutrons (Figs. 2, 3, 
51. The second beam bunched in the storage ring with the stripper 
injection and the one-turn extraction and having the form of the 
pulse sequence with the duration of 5 - 300 ns and the repetition 
rate of up to 400 Hz at the average current of up to 500 PA- hits at 
the neutron source (Figs. 2, 3, 61. In the assembly of neutron 

4 
\ 

Fig.2. Assembl 
nary source 

of neutron sources: l-proton beams; 2-quasistat io- 
’ thermal and cold neutron; 3-pulsed neutron source; 

4-neutron beam stop. 

sources there are also the proton beam stops with vertical canals 
to carry out experiments on radiation physics 12, 3, 9/ and to 
obtain neutron deficient radionuclides. The beam dumps operation is 
defined mainly by the programme of experiments on meson beams. 

The principal construction scheme of the neutron sources and 
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.beam stops consists .of the three-. tiain parts: 11 ..tank. with the 
vacuum bend, ..: 2) ampoule with water-&led 
controlled vacuum 

target, ‘. 31 . remote- 
seal. By means of the : vacuum., bend. ,the ampouie 

with the target Ibeam stop1 is placed into the proton beam. The 
“first wall” dividing the vacuum set and coolant is the ampule wall 
made of the aluminium alloy. Vacuum seal is in the field of low 
neutron fluxes and- made’ of the rubber. Such arrangement allows 
rapid change of “target idevices to be carried out. Remote-controlled 
vacuum seal consisting ‘Of two coaxial bellows the space between 
which is filled by the ; gas under pressure, allows the disassembly 
of the whole source to be carried out. If such need arises the 
placing of the beam Richups, scrapers, additional windows is also 
possible. The main dimensions of the target ampoules and beam stops 
is unified. so, the construction scheme iS rather flexible, 
interchangeable and allows the further development. 

. b---.““..-.~-I-‘-~, 
L--- -T-4%4l\ 

Fig.3. Assembly of ” neutron sources, central part: I-neut*on 
targets; Z-heavy water tank; 3:liquid detterium moderator; 4-vacuum 
tank; S-shut-off gate; 6-heavy concrete; 7-vetiicat wells of the 
diameter I m: 8-remote-controlled- vacuum seal; g-wide apperture 
canal; ZO-canals .of resonance neutrons. 

Both sources are in the cylindrical boxes. of the. radiation 
protection made of steel and concrete and G-e looked out 
the set of the. canals “guillotine” 

through 
with. .the shutter of the type. 
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For the placing of additional experimental equipment neutron canals 
have the vertical- wells of 1 m diameter with the protecting valves 
/lo/ on the distance of 3.5 - 4.0 m from the source. 

Fig.4. Design of neutron sources and proton beam dump: I-tank with 
vacuum system; 2-ampoule of neutron source or beam dump; 
3-remote-controlled vacuuum seal. 

The quasistationary source. of thermal and cold neutrons 
(Fig.51 consists of the water-cooled neutron target in the form 
of the closed package of rods made of natural uranium in stainless 
steel cans, heavy water moderator in the aluminium tank of 1.5 m 
diameter, liquid deuterium moderator of the valume -20. 1. On the 
first stage of the operation tungsten plates are supposed to be 
used. The liquid deuterium moderator radiates into the wide 
apperture canal for the experiments on the detection of 
neutron-antineutron oscillations as well as into the canals for the 
research with cold neutrons. With the removal of the liquid 
moderator the through tangential canal forms. This canal can be 
used for the experiment on the direct measuring of the length. of 
neutron-neutron scattering and other researches in intensive fields 
of thermal neutrons /ll/. 

At the proton current of 0.5 mA the calculated value of the 
thermal 1y ne tron 
about 3*10 

f4ux on the bottom of the experimental canal is 
n/cm *s, the cold 

radiating surface of the cold 
neutron flux [E < 5 meV1 on tqs 
moderator is of the order of 10 



n&z*, ‘. j with the. effective, neutron 
%a* rad.iating 

temperature being equal to 40. 
K. surf ace of, the, cold moderator is about 1000’ em2; 
When v is used and proton current 
in the neutron target is 

40.5. mA the heat generation 
of. the order ._ of I_i MW, in the. .heavy water 

40. kW, in, the cold moderator. y 0.5 ,kW. : , _ -. ._ I _ 

-3 

6 

Fig.5. Quasistationary source of thermal and cold neutrons: I-neut- 
ron tat-get; Eliquid deuterium moderator; 3-heavy water moderator; 
4-canals for n-v experiment; S-extension of wide appertk canal; 
t%th&nal shield; ?-removable steel plugs. 

‘IIie heat released in the heavy ‘water is removed in external 
heat exchanger. The liquid deuterium moderator is cooled by means 
of the deuterium vapour condensation in the heat exchanger blown on 
by the helium at temperature 15mK from the. refrigerator. 

The pulsed neutron source consists of the target .assembled from 
the uranium rods [tungsten plates1 and cooled by water and the set 
of moderators (Fig. 6). The moderators are adjoined to the upper 
and lower surfaces of the target. To decrease the background of 
scattered neutrons and prevent a pulse delay in the case of the 
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operation with resonance neutrons both the target and moderators 
are placed in to the vacuum tank. Thin [ - 2 cm] light water 
moderator is looked out through the neutron canals for resonance 
neutrons with the flight distances of up to 500 m. The canals get 
out of the hall of the experimental complex (Fig.1). Neutron canals 
have intermediate pavilions. Above the target there are replaceable 
moderators for the work with thermal and cold neutrons. The use of 

Fig.6. Pulsed neutron’ source: I-vacuum tank; 2-assembly of rods 
made ,of uranium - 238 (or tungsten); 3-thin aluminum windows; 
4-lower water moderator with thickness 3 cm: S-reflector of upper 
moderator 6-place for the upper water or 1 iquid-hydrogen moderator; 
?-upper part of the thermal shield; 8-removable upper steel plug; 
g-liquid- hydrogen moderator: IO-coolant’s communications. 

either the light water moderator of the thickness - 4 cm o r the 
liquid deuterium moderator is supposed. These moderators have the 
Be reflector of the thickness 15 cm. Corresponding neutron canals 
look out to the experimental hall. 

The peak density of thermal neutron flux averaged over the 
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radiating surface 
will be about 2*101’ n/cm *s when 

of tqe water moderator [sur~+;~ area 
pulse duration 

In- the‘ presence of the 
neutrons will ‘. reach the value of 
surf ace area -100 cm’. 

* _’ 1 

,-400 cm21 

of thermal 
the radiating 

Fig.?. Proton beam dump: I-thermal shield; Z-tungsten plates; 3-ion 
guide: 4-canal for sample irradiation; 5-ampoule of proton beam 
dump; &removable steel plugs. 

The peak 
cold moderator is 

densit& of 2 cold neutron flux on the surface of the 
-10 n/cm *s while the duration 6120 ks. 

On the first stage of the neutron source operation tungsten 
targets will be used. In this case the average intensity and 
density of thermal and cold neutron flux will be approximately two 

less as compared to those in the case of the targets based 

The works on further development 
ment in performance are carried out 
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of the assembly and improve- 
now. In particular, the possi- 



bility to use multiplicating target with the limited multiplication 
[up to 201 is urider consideration. This will allow the pulsed neut- 
ron source intensity to be increased by 5 - 6 times in the frequen- 
cy range of 10 - 30 Hz, which is most convenient to carry out most 
experiments with thermal neutrons. 

The provided possibility to change targets and moderators will 
allow the optimum conditions for every group of experiments to be 
chosen. So, in the biological shield there are stores for the 
replaceable target devices and other experimental equipment. 

Proton beam stops are behind the meson targets in the assembled 
shield made of concrete and cast iron. The target core is the 
assembly of water cooled tungsten plates. The core is surrounded by 
the iron-water thermal protection. The vertical canal of the 
diameter 60 cm with autonomous water cooling allows irradiated 
samples to be carried into the target core (Fig.7). 

Average proton energy. in the canal is about 
fast neutrons in the canal will be 2*1014 

450 MeV. Average 
flux of n/cm’*s at the 
current 0.5 mA. 
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Q(P.A.Egelstaff): When the liq. D2 moderator is in front of the target, many of the neutrons from the Hz0 
coolant will scatter directly from the D20 down the beam tube. But if the liq. D2 is placed in the position 
indicated by Dr. Bauer many neutrons from the H20 coolant will pass t.hrough,the &O from behind. Does 

this difference change the cold neutron flux seen in these two cases? 
A(S.F.Sidorkin): In the case proposed by us the cold neutron flux is not less than in the other one; neutron losses 

due to a big hole was taken into account at optimization study. 
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ABSTRACT 
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The possibilities and compromises ~necessary in ,the design of a neutron facility that 
would serve both pulsed and time integral users simultaneously. are examined. 

1. INTRODUCTION 

Traditionally thermal neutron beam users have divided into two, occasionally armed camps. 
The maximum,intensity available for mokochromation by Bragg reflection of the. broad ther- 
mal neutron spectrum has always been, found at fission reactors. Suchinstruments ‘are limited 
to the strictly thermal neutron energy region by two factors:’ the decreasing reflectivity of the 
monochromating (and ‘energy analysing) crystals and the lack of epithermal neutrons in the 
incident neutron beams. The pulsed neutron instruments using choppers to monochromate 
and time-of-flight for neutron energy analysis get by with much’ smaller, integral neutron 
beams by phasing the choppers to the neutron ‘source pulses.’ Because the source flash is 
brighter by factors up to 100 for thermalneutrons and more than 1000 forepithermal- neu- 
trons they are the source of choice for such instruments. ’ The beam power available from 
the present accelerators that operate in a pulsed mode is approximately. 100 ‘kW. The flux 
available to integral’beam users from a target assembly optimized for such use would be a 
factor -50 less than that available from the ILL fission reactor. As the intensity gap available 
between accelerator sources and fission reactor sources closes the question of optimization of 
target assemblies for both integral and pulsed beam users becomes important. 
If a neutron facility requires N different target-moderator assemblies to satisfy the various 
users the overall availability of their facility for all users is N-‘. Thus the total overall 
availability to any user is maximized as long as the .compromises necessary in a common 
facility design cost less than a factor at least 2 in beam availability. 
The question to be addressed then is what +re.the,approximate intensity reduction factors 
to the various types of instruments that common facilities would impose, 
The second’ section uses simple one-dimensional neutron diffusion theory to estimate the 
epithermal and ,thermal fluxes available in’ infinite moderator assemblies of various materials. 
The epithermal and thermal neutron spectral. components are illustrated and, their; spatial 
and temporal’ variations defined. .- In section three some of the. constraints that would be 
necessary in the design of a “universal” target-mo.derator assembly are di,scussed. Section. 
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four draws general conclusions and makes some recommendations on the directions for future 
developments. 

2. NEUTRON FLUX ESTIMATION 

A. Steady St&e or Time Integral 

The diffusion theory approximation for the epithermal neutron flux in an infinite medium 
surrounding a void of radius R containing a’source of S fast neutrons of energy E, is given 

where r is distance from the source at the center of the void, A, is the transport mean-free- 
path, A, = (C,(l - ii))“, C, is the macroscopic scattering cross section and JZ is the mean 
cosine of the scattering angle in the infinite medium material, [ is the mean logarithmic 
energy loss per (elastic) scattering collision, &, is the thermal neutron energy, -0.026 eV at 
room temperature, and L, is the slowing down length 

Figure 1 shows the expected spatial distribution of the epithermal neutron flux for infinite 
media of various materials surrounding a 10 cm radius void containing a fast neutron source. 
The diffusion model’implicitly estimates the integral over energy for a single epithermal 
group during the thermalization process from the intitial energy - approximately 2 MeV - to 
thermal, -0.026 eV at 300” I<. No neutron loss mechanism is considered except transfer to a 
thermal energy group at the end of the thermalization process. The neutron thermalization 
and diffusion parmeters shown in Table I are based on a fission reaction source spectrum; 
the somewhat border spectra from spallation reactions would change them only marginally. 
Within the epithermal group the time-averaged spectrum is expected to have an approximate 
E” energy dependence. 
For the neutrons reaching thermal energies with the distribution given by (1) above the 
thermal neutron flux distribution is 

&h(T) = CCL22 L2) (L “; Re-y - .&Z-y) 
s * 

where L is the thermal neutron diffusion length 

Go 

L = (A!+/2 (4) 

Aa is the thermal neutron capture mean-free-path and At is the thermal neutron transport 
mean-free-path similar to that defined for epithermal neutrons, above. The expressions ap- 
proximate both the steady state spatial distributions for continuous sources and the time- 
integrals for time dependent sources. It does not, however, approximate the thermal neutron 
spatial flux distribution immediately following thermalization, as will be discussed below. 
Figure 2 shows the expected time-averaged thermal neutron flux distribution for the ther- 
malized source distributions shown in Fig. 1 for the various infinite media. The estimate 
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Table I 
Neutron Tbermalization and Diffusion Parameters 

D2O. . Be i C Fe Ni Pb 

(H/D=0.002) (~‘1.7 g cme3) (p = 1.8 g cme3) 

x %a 45 ..11,300 960 3260 _ 4.6.’ 2.5 178 

&m 0.49 2.60 1.60 2.5 .: 1.1 0.63 2.7 

. !xi ’ L ‘. ,m 2.7 22.6 52’: 1.3 0.72 12.6 

x 2.82 1.43 ; 2.33 0.67 .’ .’ 
&cm 1.4 0~76 2.9 

L 6~ 5.5. 11.0 9.3 ‘18.7 . 18.5 10.4 74 

e ‘0.925 0.509 0.209 ,0.158 0.0354 0.0337 0.0096 

X,/l& 16~10-~ 0.49x 1o-3 7.1x10-3 : .4.5x1o-3 8.6 9.4 1.7 

A3 - 

At - 

L - 

A, - 

L, - 

t - 

capture mean-free-path’for thermal neutrons,.based on 2200 m s-l cross sections 
and Westcott convention flux. 

‘transport mean-free-path for ‘thermal neutrons, = (C,( 1 - jZ)).-‘, where C, is 
macroscopic scattering cross section and F is the average cosine of the scattering. 
angle; ,. 

thermal neutron diffusion length, = ( F)ri2. 
scattering mean-free-path for epithermal neutrons. 

neutron slowing down length, from Ee to Eth, Li = 1 
J 

Eo 2 E,EO 
3 &, t(l- i&) E 

x 2 MeV 

mean logarithmic energy loss per scattering collision, [ = 2/(A + $), A is atomic- 
weight. 

uses the experimental neutron diffusion parameters from Table I for the common moderators based on 
measurements with fission-neutron spectra[2]. They are expected to be a reasonable approximation 
to the distribution around a lightly absorbing target and container (lead in zirconium, for example). 
The estimated thermal neutron flux in the vicinity of the target edge is the same;within a factor 2, 
for ail of the better moderator materials.’ The ratio of the epithermaI/thermaI flux is given by 

L: - L2 4e&) ,_ Un(&/Etd 

&h(T) & x LZ - L,L(L, + R)/( L + R)e-w(‘-R) * 
(5) 

For L > i, this ratio decreases with increasing distance from the source, as is shown in Fig. 3. For 
L, > L this ratio becomes constant as the second term in the denominator vanishes, as for H20. The 
factor X,/(X, is the ratio between the E-’ epithermai neutron spectrum and the thermal, Maxwellian 
neutron spectrum in an infinite medium with a uniformly distributed source of fast neutrons. Such 
spectra are shown in Fig. 4, transformed to constant reciprocal velocity, r, interval after extracting 
a factor r from the denominator. The curves as shown are proportional to the intensity seen by a 
time-of-flight or a perfect Bragg-reflection spectrometer for a fixed fractional velocity or reflection- 
angle resolution. The thermd neutron spectra for three different Maxwellian temperature are shown. 
The slowing-down spectra normalizations are those for uniform infinite media sources. The neutron 
energy, E,, as the function of neutron reciprocal velocity, 7,. 

E ,, = 5213 r-2 (6) 



108 

108 

0 .lO 20 30 40 60 60 70 0 10 20 30 40 50 60 70 
r, cm r, cm 

Fig. 1. The one-dimensional diffusion theory estimate of Fig. 2. The thermal neutron flux dis- 

the epithermal neutron flux distribution in infinite media tributions are shown for the epither- 
of various materials outside a 10 cm radius void are shown mal source distributions and geometry 
normalized to unit neutron source strength using the ther- of Fig. 1. 
malization and diffusion parameters from Table I. 

E,, in eV, r in ~LS m-l, is also shown on Fig. 4.. The normalization of the results in Fig. 3 is the 
same as for Fig. 4, i.e. the dotted lines in Fig. 4. representing the levels of the epithermal spectra in 
various materials track as functions of positions according to the results in Fig. 3. The dotted curve 
in Fig. 3 indicates the level of the (constant with temperature) maxima in the Maxwellian (thermal 
neutron) spectra, which can then be renormalized by the spatial distributions shown in Fig. 2. 

B. Pulsed Neutron Sources 

Table II shows the mean lifetimes for thermal and epithermal neutrons in the same infinite media 
for which the spatial distributions were estimated above. The thermal neutron lifetime is simply the 
quotient of the mean-free-path to capture divided by the mean neutron velocity, it = 2.5 ~10~ m 
s-r for a room-temperature Maxwellian. The thermal neutron lifetimes can of course be shortened 
in .an infinite medium only by adding absorber to the system, with a proportionate decrease in the 
time-integral thermal neutron flux. For moderators of finite size the relaxation rate is increased by 
leakage according to[3] 

(7) 

where 

Xz:a+DB* (8) 

and a = vtX,‘* is due to neutron absorption as in the infinite system, 
B* = (K/T)* for sphere of radius r, 

= (7r/h)* + (2.405/r)* f or a cylinder of radius T and height h, 
= (r/a)’ + (X/b)* + (B/c)* f or a parallelepiped of sides a, b and c. 

D = vXJ3 is the diffusion constant for neutrons leaking out of the system, 

(B is the geometrical buckling in the vernacular of fission reactor physics.) 
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0 10 20 30 40 50 00 70 

r, cm 

Fig. 3. The ratio of epither- 
mal/thermal neutron fluxes are shown 
for the same systems and approxima- 
tions as Figs. 1 and 2. (See text for 
normalization details). 

Fig. 4. The thermal and epithermal neutron spectra 
for infinite media with uniformly distributed sources of 
fast neutrons are shown for the common moderators; 
The spectra are shown as the functions r+(r)‘where r 
is the neutron reciprocal velocity (in ,US m-l) and 4(r) 
is the distribution per unit reciprocal velocity interval. 

This expression for &h(t) is an approximation, the. conditions for which ,are seldom, if ever, well 
satisfied, and may not be valid for all systems of interest. In particular, heterogeneous systems of 
different materials may ‘store’ neutrons in regions with longer neutron slowing-down delays or thermal 
neutron lifetimes and feed them back to ‘regions that would otherwise be more quickly populated or 
depleted. Thus, simple; single time-constant exponential thermalization and decay may not always be 
an adequate approximation for all neutron histories of interest. 
Ikeda and Carpenter (ref 4) have shown experimentally that for typical compact hydrogenous moder- 
ator systems,‘the neutron leakage pulse at a particuiar neutron energy in the thermal region reqires 
two terms: 

where a = 

P = 

R= 

x(a,PJW = ,, % 

x 

o&, defines the transferrate from the epithermal to the thermal group 
time constant for thermal neutron loss from system, and 
fractional yield in the thermal neutron term. 

(9) 

The first term represents the thermalization component that decays fairly quickly even at thermal 
neutron energies; the second-term comes from the equilibrium thermal neutron component that has a 
nominal time constant of the order of p = X from Eq. (8). The thermal component weighting R value 
depends on the Maxwellian amplitude at the energy of interest as well as thermalization characteristics 
of the system. In practice it is an empirically derived parameter extrapolated from systems of a similar 
configuration and moderator characteristics. 
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Table II 

Thermal and Epithermal Neutron Lifetimes 

Material r &h ta (to 1 eV) A& (to 1 eV) 

Hz0 0.99 180 1.7 2.0 

D2O 0.56 45x103 4.8 4.7 

(H/D=0.002) 

Be 0.148 3.8 x103 7.9 4.7 

(p = 1.7 g cmW3) 

C 0.111 13 x103 20.2 10.8 

(p = 1.8 g cmW3) 

Fe ,0.0239 18 58 14.8 

Ni 0.0227 10 34 8.5 

Pb 0.0064 710 440 59 

%h - average thermal neutron lifetime. 

is - average thermalization time. 

Ai, - full-width, half-maximum of thermalization distribvtion. 

7 - thermalization parameter, = 4/(3A) in iS = (I+ 2/r)(y&/[v) 

and At, = 2.35(1+ P/~):(~X,/&) 
where v is final neutron velocity of interest. 

The epithermal neutron lifetimes, jS, are also listed in Table II for the various materials. Because 

of the relatively narrow fractional range of the initial energies of most of the source neutrons and 

the close correlation between time and energy loss, the parameter that defines- the pulse length and 

amplitude for homogeneous systems is the straggle width of thermalization time, also shown in Table II 

as AjS, the full-width at half-maximum, taken from reference 3 for the light moderators and estimated 

from the expression listed in the footnotes of Table II for the others. Except in circumstances where 

significant cross-feeding of neutrons takes place between regions of different thermalization times the 

pulse length and amplitude is controlled by the time-straggle width and the thermalization time only 

introduces a phase shift in the pulse cycle. 

The peak fluxes, both epithermal and thermal, that contribute beam over the short periods - a few ps 

- sampled by time-of-flight monochrometers are then enhanced, relative to those shown for the steady 

state in Fig. 1 by a; peak enhancement factor (FpE) given by 

FPE = 
TPlTL 

1 - e-TP/Q (10) 

where 7-p is the pulse repetition period and r~ is the mean neutron lifetime as a thermal (7~ = it,) or 
epithermal (7~ = AiS) neutron as listed in Table II for infinite systems; The mean neutron lifetimes 

in finite assemblies can, of course, be ,significantly shorter than those shown in Table II but the 

time-integral fluxes will be reduced by the same factoi leaving the initial peak fluxes constant. 

There is however another factor that must be considered in estimating the thermal neutron pulse in- 

tensity available.from large moderator asseniblies,.namely the evolution of the thermal neutron spatial 
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,., ‘., Table III 

Epithermal and Thermal Pulse Enhancement Factors for Pulse Repetition Period of 20 ms 

Material F’, (epi thermal)‘) F’E (thermal)i) : I '. : FOE (thermal)3l 

(to 0.02Se’v) (short time) (long time) 

Hz0 ‘. 

JhO 

Be 

c 

Fe 

Ni 

Pb 

1600 L 
'. 

690 , . 

690 

300 

220 

330 

55 55 28 

1) r~ = c/(0.026)‘/* 

2) rL = ((at,/0.026)2 t ($)‘)t 
3) TL = &h 

distribution with time. At thermalization the spatial distributions of the neutrons are essentially those 
shown in Fig. 1 for epithermal neutrons in various materials. These distributions evolve with time 
to give the time-integral distributions shown in Fig. 2. The pulse enhancement factor thus depends 
on position within the moderator, especially for materials where L>L,. The asymptotic limits for 
the effective lifetimes are the reciprocals of the neutron capture rate at long .time (&, in Table II) 
and the reciprocals of the neutron diffusion rates (7~ = Xt(3q)“) at short distances and short times. 
At short times the diffusion rates are comparable to the thermalization rates and the effective pulse 
enhancement factors are similar to those for the epithermal components, as shown in the last column 
of Table III. Thus the dominant contribution to the peak pulse intensity at all energies near the source 
in Iarge moderator assemblies comes from the epithermal or recently thermalized component. Because 
the epithermal fluxes decrease rapidly with radial distance from the source as shown in Fig. 1, all beam 
tubes for such pulsed beams must penetrate to positions near the target. At these short distances, 
however, the three best moderators, H20, DzO and Be, all give similar peak pulse intensities for 
both epithermal and thermal energies. The time integral intensities are also comparable for neutron 
source positions near the target; the Be or D20 moderators would, however, allow geometries much 
less congested than for H20. Large all-nickel and iron moderators would also yield very good peak 
epithermal fluxes but would give very poor integral thermal neutron fluxes. 
The time-integral thermal neutron flux is always maximum in a large DzO moderator assembly, as 
reiterated by the results in Fig. 2. Its dependence on distance from target is weak enough that thermal 
neutron beam tubes can be terminated at least 30 cm from the target centre without suffering intensity 
penalties more than a factor 2. This allows off-setting of the beam tubes to tangential geometry and 
ahead of target entry point of the proton beam to minimize fast neutron contamination that usually 
dominates the background problem for most experimental instruments. To maximize the thermal 
neutron flux, however, the moderator, target and structural components must have minimum neutron 
capture cross-section. 

. 
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No substantial intensity penalties are expected for either integral and pulsed neutron beam of all 

energies if the additional constraint of short neutron lifetimes applied to the present PNF designs is 

removed. 

3. DESIGN CONSTRAINTS FOR OPTIMUM PULSED/INTEGRAL 
NEUTRON FACILITIES 

The constraint of minimum absorption or leakage in small moderator assemblies to achieve optimum in- 

tegral thermal neutron beams requires that all time-of-flight monochromotors include a second phased 

beam chopper in the vicinity of the target moderator assembly. This will be quite an acceptable price 

where (and when) the accelerators have power levels large enough to compete with the fission reactors. 

A 1015 cmv2 s- * thermal neutron flux requires approximately 6 MW of beam power at approximately 

1 GeV proton energy. The beam power from the KAON accelerators approaches this level but at an 

energy that is probably too high for optimum neutron source production. 

The second over-riding constraint for a high power facility will be heat dissipation in the target. Given 

the intensity incentive implied by Fig. 1 for compact sources only pumped liquid metal targets are 

likely to be capable of the several MW per liter heat dissipation required. Fortunately both lead and 

bismuth, the most probable materials, are not heavy thermal neutron absorbers. 

4. CONCLUSION 

It appears that no fundamental neutronic constraints preclude simultaneous optimization of the in- 

tegral and pulsed neutron beams available from an accelerator based neutron facility. The simple 

single phased chopper monochromation systems presently employed at such facilities must, however, 

be augmented by second phased chopper as were originally used on fission reactors more than 30 years 

agoi * 
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ABSTRACT “. 

A design concept of KENS-II target-moderator-reflector assemblies is 
described. - one of the assenblies is. dedicated to the cold neutron source, and 
the other, to the thermal and epithermal neutron source. A flux-trap type 
moderator-configuration was adopted with a vertical proton-beam injection 
scheme. All moderators for the cold neutron source are coupled liquid 
hydrogen moderators with premoderators; A new scheme of proton beam 
delivery is proposed. The new system can provide several times higher total 
performance than a reference system based on a traditional single assembly 
with all decoupled moderators in a wing geometry and with a horizontal 
proton-beam injection scheme. 

I. ,INTRODUCTION 

The traditional target-moderator-reflector assembly (TMRA) concept, based 
on a single assembly with all decoupled moderators in a wing geometry and 
a horizontal proton-beam .injection scheme, has been widely adopted at 
existing pulsed spallation neutron sources. This concept has proved to be 
very useful by the successful operation of the existing facilities. The neutron 
scattering community has always requested more intense neutron sources, 
and consequently, proton. accelerators with higher. beam currents. The 
approach to an intense spallation neutron source with an intense accelerator 
would, be. ,orthodox, but very expensive and sometimes not realistic. When 
we consider a new source, generally speaking, it must be superior to the 
existing .large scale ones, even though. the’ proton beam power is comparable 
to those in existing- large scale facilities. Thus, a new concept for a high- 
efficiency TMRA becomes indispensable. This is our situation for the 
fundamental design of KENS-II in the JHP project. To realize this, we 
proposed and developed a high efficiency cold neutron source with a coupled 
liquid h,ydrogen. moderator with premoderatorl_2)*4-5) -based on a 
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consideration of figures of merit (FOM’s) of a pulsed cold neutron source for 
various scattering experiments3). We considered two typical experiments 
using pulsed cold neutrons: one is the small angle neutron scattering (SANS)- 
type, in which experiments on TOP, CRISP, spin echo machines, etc. are 
included, and the other is the LAM-type, high resolution spectroscopy using 
the time structure of the neutron pulse. We confirmed that the proposed 
moderator can provide much higher FOM’s than a the traditional decoupled 
one. We have also performed detailed studies on the so-called “flux-trap 
type moderator”, which is successfully used at 
confirmed that this moderator can provide 
neutron intensity than a traditional moderator 
concept for the KENS-II TMRA described 

LANSCE in Los Alamos. We 
1.35-l .4 times higher slow 

in a ,wing geometry@. A new 
here is based on the ideas 

mentioned above. 

II. Design Concept and Assumtions 

In the TMRA concept, we assume the followings. 

(l)All moderators are. in a flux-trap type moderator geometry. This 
geometry can provide 1.35-l .4 times higher slow-neutron-beam-intensity 
than a traditional wing geometry not only for decoupled moderators, but 
also for coupled ones. 

(2)For high-efficiency cold-neutron-moderators, we adopt a coupled liquid 
hydrogen moderator with hydrogenous premoderator at room 
temperature. This provides about 6 times higher performance (FOM’s 
relative to a decoupled liquid hydrogen moderator) for SANS-type 
experiments and 2-3 times (depending on the neutron wavelength) 
higher FOM’s for LAM-type experiments3). 

(3)One TMRA is not adequate for the required angular coverage of the 
neutron-beam (almost 360”) even with a 4-moderator configuration, 
because the maximum angular coverage for one viewed moderator 
surface is 50°, which corresponds to about 4 beams (due to the existence 
of other moderators). Consequently, two assemblies become necessary. 

(4)We propose a 2 TMRA concept: TMRA-1 dedicated to the cold neutron 
source with 3 coupled moderators, and TMRA-2, to the 
thermal/epithermal neutron source with 3 decoupled moderators as 
shown in Fig. 1. Coexistence of coupled and decoupled moderators in one 
TMRA is not desirable from an intensity point of views). This concept 
makes it possible to provide neutron beams over an angular range of 300” 
or more. 

(5)We propose a new proton-beam delivery scheme as shown in Fig. 2 
(scheme (1)). Since FOM’s for both type of experiments are, to .a first 
approximation, independent of the repetition rate of the neutron pulse 
within a realistic range3), we allocate 10 double. pulses every sec. to the 
TMRA-1. This will provide 2 
beam delivery scheme of 50 

times higher FOM’s than the original proton- 
single pulses (another 50 single pulses are 
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Original scheme (reference case) 

TM 

(1) : . . 

to assembly(l) 

PropoW sheme (1) 

‘: I; Pfopopd !3henle (2) ‘. 

100ms 4 

Fig. 2: Prososed proton-beam delivery scliemts.,. 
Gray, pulses are to the neutron facility and white ones to the ,me&t 

Fig. 1. Proposed ‘I’MRA’s for KENS-II 
facility. In the reference case all gray pulses are fed t6 one TMRA, 
while in the schemes (1) and (2) first pulse(s) are fed to TMRA 
(1) and another ones to TMRA (2). 



delivered to the meson facility) with no significant- losses. The remaining 
40 single pulses are fed to TMRA-2. In the JHP project, it was decided to 
share the total proton-beam from the compressor/stretcher ring equally 
by the neutron and the meson facilities. Since the mesOn facility has a 
schedule to utilize the stretched beam for about 20% of the total beam, 
and the simultaneous use of pulsed and stretched beams is not possible, a 
macroscopic beam-time sharing becomes necessary. The additional beam 
for. the neutron facility by double-pulse delivery to the TMRA-1 just 
meets the 20% reduction of neutron beam-time by the stretched beam 
use. 

(6)As an alternative to proton-beam delivery (scheme (2)), we propose to 
use long macro-pulses of H- beam, directly obtained from the linac, 
instead of double pulses from the compressor/stretcher ring. The time- 
averaged intensity of the H’ beam is 400 PA, 2 times higher than the 
short pulse beam from the ring, but the pulse duration is -400 ~l.s. The use 
of this beam in the TMRA-1 gives 2 times higher FOM’s for SANS-type 
experiments with unchanged FOM’s for LAM-type experiments. 

(7)The number of neutron beams available with the KENS-II concept is about 
24, which should be compared to a reference case of 18 when a tradition 
wing geometry and a horizontal proton-beam injection scheme is used, for 
example, as in ISIS. The larger number in the KENS-II concept is due to 
the vertical proton-beam injection scheme, in which the proton beam line 
with its massive shielding can be removed ‘from the experimental hall and 
additional neutron beams can be extracted into the space saved. 

(8)It would be reasonable to allocate more neutron-beam lines for cold 
neutron experiments than in the existing facilities, because of the recent 
growth in the relative importance of cold neutrons even in spallation 
sources. We therefore assumed that 50% of the total neutron-beam lines 
are allocated for cold neutron experiments in both the reference and 
KENS -11 cases. We also assumed that, among the cold neutron 
experiments, 2/3 are of the SANS-type and the remaining l/3, the LAM- 

tY Pea 

For convenience, we summarize in Table I the main parameters of the 
neutron source in the proposed KENS-II 
case. 

concept compared to the reference 

III. Total Performance and Gain Factor of Pulsed Neutron Sources 

In a pulsed spallation neutron source, the total performance of the source 
relative to a reference case can be expressed as a sum of relative FOM’s for 
each neutron beam, 

Total Performance E c (FOM)i/(FOM)f. 
i 

For simplicity, we define 
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Table I Main parameters- df the hetition sources in the’ reference- case and 
KENS-II concept 

Reference case Kens-II Concept 

Proton-beam 
injection scheme 

, 

Target-moderator 
coupling geometry 

Number of TMRA 

Number of proton 
pulses (pulse/set) 

Macroscopic beam 
time, D (relative value) 

Number of Moderators 

Gain factor of “Flux-Trap” 
relative to “Wing”, Gf 

Number of neutron beams 
for SANS-type exp, N~ANS 
for LAM-type exp, NLAM 
for nth/nepi, Nth/epi 

Relative moderator FOM 
for SANS-type exp, FOMSANS 
for LAM-type exp, FOMLAM 

Horkontal Vertical 

wing flux-trap 

1 

50 single 
pulses 

1 1 

4 decoupled 

1 

TMRA:I 
2 

TMRA-2. 
(for nd (for nth/%pi) 

10 double 40 single 
pulses pulses 

0.8 

3 coupled 3 decoupled 

-1.35 1.35 

6 8 
3 4 
9 12 

6 
2.5 

for nth/neDi, FOMth/eDi I 1 

n denotes neutrons and the subscripts c, th and epi refer to cold, thermal and 
epithermal, respectively. 

Table II Gain factor of proposed neutron sources relative to the reference case 

KENS-II concept KENS-II concept 
with proton-beam delivery with proton-beam delivery 
scheme( 1) scheme( 2) 

7.6 13.5 
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thus, the total performance of the reference system becomes equal to the 
number of neutron-beam lines, that is 

c 
’ E (FOM)kf= 18. 

Let us calculate the total performance of the proposed concept for KENS-II, 
which can be expressed as, 

Total performance 
= DGf(2 (FOMSANS NSANS + FOMLAMNLAM) + W/50) FOWh/epi Nth/epiJ 

where the notations are defined in Table I, and the factor 2 in the above 
equation. comes from the “double pulse” discussed in (4) in the preceding 
section. Using the values listed in the table; we have 

Total Performance = 0.8x(1.35-1.4)(2(6x8+3x4)+0.8x12)=130-145. 

The relative value of the total performance to the reference case (gain 
factor) is thus 

Gain Factor = (130-145)/18 = 7.3-8 = 7.6 

If we adopt the alternative proton beam delivery scheme mentioned in (6) 
in the preceding section, FOMs ANS must be 12 instead of 6 in the above 
equation. 
Then, we have 

Gain Factor = 13.5. 

Table II summarizes the result. 

IV. DISCUSSIONS r 

We obtained a very large gain with a new concept of TMRA for KENS-II with 
new proton-beam delivery schemes. The large gain comes from cold neutron 
utilization (TMRA-l), and the overall efficiency of TMRA-2 is almost 
unchanged compared to the reference case. However, the gain factor 
7.6-13.5 is great. In other words, the neutron source in the DroDosed 
concept is eauivalent to a neutron source with a Droton accelerator of one 
order of magnitude hipher beam current than is nresent now, though more 
emphasis is placed on cold neutron experiments, which can well compete 
with those performed using a high flux reactor. 

c 

In addition to the advantage in the neutronic performance mentioned above, 
there are other merits to the proposed system: 
(l)The heat load for Target-l in the TMRA-1 with proton-beam deliverry 

scheme (1) is 2/5 of the reference case (or a maximum of 4/5 in the case 
of proton beam delivery scheme (2)). This makes the engineering design 
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of the system more easy; for example, the use of a’ depleted uranium 
target becomes less difficult. 

(2)Power density and total power deposited in a liquid hydrogen moderator 
is almost one order of magnitude smaller than in the reference case, due 
to the factor mentioned in (l), and another factor saved by 
premoderatoion. 

(3)Fast and higher energy neutrons leaking from the neutron beam holes can 
*r, be minimized with a” flux-trap type moderator geometry ‘without 

sacrificing beam intensity by increasing the height of the void space 
between 2 target blocks. 

(4)Smaller proton beam power, and consequently a smaller accelerator, is 
acceptable for a given total performance. This brings about lower costs for 
the construction and the operation of accelerator. 

(5)Relatively thinner radiation shielding for target station and neutron beam 
lines is required. 

(6)The radiation impact on the public is reduced. 
(7)A smaller area for the site is acceptable. 

1 
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Q(J.M.Caxpenter): If your four flux-trap moderators were arranged two each. on two levels, with greater separation of 
target halves, the moderators could be viewed from both sides and provide 24 beams. 

A(N.Watanabe): Greater separation of target halves does not decrease the slow neutron intensity from f&r flux-trap 
moderators on one level, but more moderators at different levels bring about lower intensity due to the shadow 
effect. 
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The status of the ISIS targets 

M. Holding and T.A. Broome 
Rutherford Appleton Laboratory 

ABSTRACT 
Operational aspects of the ISIS neutron production targets are discussed 
and an outline given of future developments. 

1. OPERATIONS 

Table 1 gives an overall performance summary for the six targets which have 
been used to date. 

At ICANS-X the failure of targets 1 and 2 were reported [l]. Since then two 
more Uranium targets have failed and some experience has been gained running 
with the backup Tantalum target. 

The construction of the target and its cooling circuits have been described 
in detail at previous ICANS meetings so only a brief resume is given here. A 
schematic diagram of the construction of the target is shown in figure 1. The 
condition of the target is determined by monitoring the centreline 

temperatures of the target plates and the flow and pressure drop 

characteristics of the three heavy water cooling channels. The effective 

width of the cooling gaps between the target plates is monitored using a 

quantity called the 'gap constant' which is the ratio 

flow 

0.55 
(pressure drop) 

This is constant over a wide range of flows and pressure drops and reduces as 
the cooling gaps become narrower. Measurements of the radiation levels 

around the cooling plant and measurement of the spectrum of gamma rays 

emitted from the target coolant are also used as diagnostics. 

1.1 Uranium Target Running 

In operation several radiation damage mechanisms lead to swelling of the 

Uranium so that the width of the cooling gaps between the target plates is 
reduced. This leads to a reduction in the gap constant and, finally, 
inadequate cooling of the Uranium. 

The failure of target 2 followed this scenario and was described in detail at 
ICANS-X. This target was dismantled and the plates examined and the swelling 
of the Uranium was attributed to thermal cycling growth resulting from gross 
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thermal cycles on the -target which occurred when the .accelerator system 
tripped. : 

In the failure 'of targets 3 and 4 the changes in.flow and pressure' drop of 
the coolant followed a broadly similar pattern to that measured in the 
failure of targets 1 and 2. A partial blockage-was detected in the cooling 
channel feeding the front five, plates.of,the target.with a.consequent rise,in 
Uranium temperature. The decision~to change, the targets was taken when, the 
presence of fission-products-in the cooling water was confirmed.indicating a 
breach in the integrity of the Zircaloy-cladding of the Uranium. 

During the design of the target studies of-the radiation damage mechanisms 
lead to an estimate of about 10000 gross thermal cycles to failure. As can 
be seen in Table 1 the number of gross thermal. cycles on -target 3 was 
consistent with this estimated lifetime but target 4 failed after a 
disappointingly low.number. 

Inoperation the~gap constant of target 4 changed abruptly.on two occasions a 
long time before its failure. .This behaviour has not been .observed on- any 
other target and no convincing explanation has -been found.- It has not been 
possible to dismantle either target 3 or 4 to establish detailed reason for 
their failures. 

It is assumed that thermal cycling growth is still.the.dominant limitation on 
the lifetime of the targets. Considerhble efforts have been made to reduce 
the frequency of accelerator trips and significant progress .has been .made. 
Figure 2 the day by day history for targets 4 and 5 and Table 2 shows the 
mean number of trips per day since 1987. The reliability of the accelerator 
systems has now improved to -the point ,wh.ere, from,the point of view of 
thermal cycling growth, a target lifet.ime-of about 400 days could be expected 
so the fate of target 5, now in operation, is.ofcrucial interest. 

'. . 

1.2 Tantalum Target Running 

Some difficulties have been encountered in the' .manufacture, .and ..thus 
availability, of Uranium targets. This has, resulted in two.periods, one of 
two months and one of seven months, where the backup Tantalum target has had 
to be used. This target is identical in construction to the .Uranium targets 
with 9 cm.. diameter disks of.Tantalum. instead of Uranium. The neutron fluxes 
from the moderators are 50% of that achieved with. Uranium.- The time 
independent backgrounds are lower but this was found to, be of no significant 
advantage to the neutron scattering experiments. 

There have been no operational problems with this target. Since,Tantalum is 
not subject to the thermal cycling growth problems of Uranium there is no 
need for a gradual increase in current,when restoring the proton beam after a 
trip. This results in two gross thermal,cycles for each a,ccelerator trip and 
is the reason for the apparently.large number of gross the.rmal cycles for the 
Tantalum target in Table 1. However, a new backup is to be provided probably 
using Tungsten as the target material and will have a more efficient 
geometry. This is discussed in section..3. 

1.4 Target Changes and Disposal 

A great deal of work has gone into developing the remote handling of targets 
since ICANS-X.; There have been detailed improvements, to. the tools including 
the use of air driven torque wrenches, positional readout-have been added: to 

479 



the remotely operated crane and the position and mounting arrangements for 
the cameras have been refined. As a result target changes are now 
essentially a routine operation without the sense of adventure evident in the 
early remote handling work. 

The used Uranium targets have been transfirred to the Harwell Laboratory for 
storage. This-is an interim‘measure awaiting,the procurement of a transport 
flask which will-enable these, and all future targets, to be transferred to 
the Sellafield plant of British Nuclear Fuels Plc. for disposal. The contract 
for the flask has been placed and it is expected to be available, with full 
certification <or use on public roads, by the middle of 1992. 

2. URANIUM-TARGET DEVELOPMENT 

The aim of the development program is to achieve longer lifetimes for the 
targets. This will involve detailed changes to the design of the target 
plates, changes in the manufacturing procedures and possibly the use of a 
Uranium Molybdenum alloy for the target material. A brief description of the 
techniques used to produce the Uranium plates is given below together with 
the plans for improvements. 

2.1 Uranium target module manufacturing processes 

A schematic diagram of a target plate is shown in figure 3. 

Depleted Uranium is melted with additions of iron and aluminium to produce 
the required "Springfield adjusted" Uranium alloy. This material is cast into 
billets which are topped, tailed and skimmed to remove most of the casting 
surface defects. The machined billets are then hot isostatically pressed 
(HIPped) to close any internal porosity, thus densifying the material. This 
process involves heating the material to a high temperature (typically 85OC) 
in a pressure vessel which contains an inert gas and simultaneously 
increasing the gas pressure to a high level (typically 2040 bar). Any 
sealed void defect or casting porosity that is within the material is closed 
as the material yields under heating and pressure. Discs of the required 
thickness are sliced from the HIPped billet, heat treated to refine the 
structure, and surface prepared. These discs are fitted into Zircaloy-2 cups 
and covers which are hermetically sealed under vacuum by electron beam 
welding. The HIPping process is used again, but this time the high 
temperature and pressure are held for a set time to enable a diffusion bond 
to form between the Uranium disc and the Zircaloy-2 cladding. This bond is 
necessary in order to form a continuous thermal path from the Uranium to the 
water cooling. Ultrasonic inspection methods are used to check the bond and 
satisfactory discs are shrink-fitted into stainless steel frames to form the 
target plates. The target plates are then machined to reduce the cladding to 
the finished thickness, stacked with the window and rear closure plate, and 
electron beam welded together to form the target module ready for final 
machining. 

The development programme will be staged in four parts. 

2.2 Stage 1 

The initial work will involve the optimisation of the 
produce the best diffusion bond between the Uranium and 
cladding. It will cover the possibility of eliminating the 
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in the Zircaloy cups to prevent the problems,encountered on modules 5 & 6, 
where Uranium extruded into these slots and was found. to be exposed on 
subsequent 'machining. Also the production of a more even penetration of the 
diffusion bond that is compatible with the automatic NDT,scanning equipment, 
and -finally to investigate the possibility .of quenching the HIPped discs to 
further refine the grain size of the Uranium ,to reduce: the. effects of the 
irradiation induced growth. 

2.3 Stage 2 
* 

r 

At present the clad discs are shrink. fitted into stainless.steel frames and 
leaks have occurred through the interface to the thermocouple holes. These 
have to date been successfully cured on assembly by the use of custom made 
screw clamps and silver seals. However, internal leaks have developed 
subsequently during the operation of the targets and are probably due to the 
relaxation of the silver seals around the.thermocouples caused by the normal 
operational temperature cycles of the targets. 

This ptoblem can be completely eradicated by replacing the stainless steel 
frame with an integral cup and frame. manufactured from-Zircaloy-2. This would 
utilise a square plate with a circular cavity to contain the Uranium. A 
solution using this method will need the development of two other items in 
parallel, namely longer thermowells, and a method.of joining stainless steel 
to Zircaloy-2. 

The current thermowells are manufactured in one piece and have a 1.7mm 
diameter hole 50mm long drilled down the centre. Experience .has shown that 
this is the limit beyond which eccentricity occurs due to drill.deflection. A 
programme of work is. proposed which utilises electron beam welding to 
fabricate tubular segments to make up the longer length of thermowell 
required to penetrate into the centre of the larger square frames. 

The final assembly stage to.complete the pressure containment vessel of the 
target assembly involves EB welding. the beam entry window to the main 
pressure vessel. -The beam entry window forms an integral part of the target 
module and is EB welded to the front of the stack of 23 target plates. There 
will be a need to join .the proposed square Zircaloy-2 frames to. the stainless 
steel beam entry window. This is not possible by any process which involves 
the fusion of the two alloys because there is a tendency for brittle 
intermetallics to form which limit the strength of the joint. Also due to the 
thermal expansion mismatch between the twogalloys cracks are often formed 
upon solidification of the weld pool. 

HIP assisted diffusion bonding using a range of different thin intermediate 
layers to bridge the incompatibility of stainless steel and Zircaloy-2 offers 
a potential solution to the joining of the two alloys. This process enables 
bonding to take place in the solid state where it is possible to control the 
reaction products and therefore mini&se the formation of the unwanted 
brittle intermetallic phases. A study,will need to be carried.out. to optimise 
the nature and position ,of the.interlayers.and the HIP conditions. necessary 
to produce metallurgically sound bonds. 

2.4 Stage 3 

Springfield adjusted depleted Uranium has been used so far for target 
production and this has well documented problems when subjected to 
irradiation. Some of these problems are reduced by adding molybdenum at the 
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rate of between 2 to 5 wt.-% to depleted Uranium to form an alloy. These 
alloys are less dense than the present material but will have greater 
resistance to .radiation induced growth and swelling. Thus the neutron yield 
may be. reduced slightly but the usable lifetime of the target will be 
increased. It would be beneficial tozintroduce this material into the front 
plates of the module which suffer the major damage and cause target failure 
whilst retaining the present material in the rear plates. That way the 
reduction in yield would be less noticeable but the benefits of longer 
lifetime would be gained. 

Material casting and alloying techniques will need to be evolved and 
diffusion bonding trials will need to be carried out to test that the 
material is compatible with the existing manufacturing procedures. 

2.5 Stage 4 

The present 9cm diameter discs could be replaced by 9cm square blocks of 
similar thickness within the proposed square Zircaloy-2 frames. This would 
increase the volume of Uranium material in the target by about 20% and 
improve the coupling to the moderators. Engineering and diffusion bonding 
implications would need to be studied as part of a development programme. 

3. NON URANIUM TARGET DEVELOPMENTS 

The design of a new backup target is well advanced. The aim is to achieve the 
best possible neutron production from a non-Uranium target which is 
compatible with the remote handling facilities, disposal arrangements and the 
existing target cooling systems and which will require no changes to the 
Target Moderator Reflector Assembly, 

These constraints are mainly met by retaining the pressure vessel design used 
for Uranium targets. Two materials have been considered namely Tantalum and 
the Tungsten/Iron alloy used for the LANSCE target. The Tungsten alloy has 
been chosen for the target as the neutron yield is about 15% higher than from 
Tantalum. The mechanical properties of tungsten under irradiation and 
thermal cycling are not well known and if the detailed design results in 
relatively thin block of Tungsten then this decision will be reviewed. 

The gains from the geometry of the target will be achieved by using square 
blocks rather than the cylindrical geometry of the Uranium and existing 
Tantalum target. (Note that this gain could be achievable with Uranium and is 
the subject of Stage 4 of the development programme above.) The improvement 
in neutron fluxes from the moderators over the existing backup target will be 
about 30% thus giving fluxes about 60-65% of the Uranium target fluxes. 

Commercially, the Tungsten alloy is sintered from powder and supplied in the 
form of hot pressed block. This has been found to have variable density, as 
low as 17 &m/cc compared to the expected density of 18.85 gm/cc. Also it is 
extremely difficult to produce holes in the block which limits the 
penetration depth of thermocouples to a few millimetres. A development 
program is underway to form the material using the Hot Isostatic Pressing 
technology which has the prospect of achieving uniform density and deep holes 
for thermocouples. 
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:able 1. ISIS TARGET PERFORMANCE SWlfARY 

Target Gross Thermal Integrated Neutron 
Cycles Current Production 

mAhr '8 

U#l Not Heasured 92.4 75 

u*2 40000 53.1 52 

U#3 1 1 174.9 ~~~ 1 10389 163 

u+4 4147 138.8 130 

Ta+l 18124 327.5 153 

ua5 1541 106.0 97 

Table 2. MONTHLY MEAN NUMBER OF TRIPS PER DAY AND MONTHLY TOTALS 
OF BEAM CURRENT ON TARGET * 

Honth 

September 
October 
November 
December 

Year 

1987 

Trips/day mAh Target 

94 12.2 Uranium #2 
367 11.0 
496 19.4 
640 10.4 

January 
February 
June 
July 
August 
September 
October 

1988 75 27.1 Uranium #3 
59 13.8 
56 19.6 
83 13.3 
76 37.1 
61 20.6 
61 43.2 

November 
December 

57 30.5 Tantalum #l 
45 29.9 

March 
April 
Ray 
June 
July 
August 

1989 45 10.1 Uranium #4 
36 40.4 
33 35.3 
32 10.7 
35 10.2 
40 32.3 

September 
October 
November 
December 
April 
Way 
June 

1990 

56 38.5 Tantalum +I 
45 40.3 
49 31.4 
69 40.0 
41 43.3 
33 34.9 
27 38.7 

July 
August 
September 

24 10.6 Uranium #5 
25 40.6 
26 54.8 

The calculation of trips/day only included those days when ISIS was running. 

484 



O-25mm 

/ 

ST. ST. 304 L 
PRESSURE VESSEL rl 

BUl+ WfLR WPERATURE SO? 

OUTLET PRESSURt 36BARS 

HEAT CEF’OSITED IN TARGET Kw 

alIn% including decay aos 

M in fixhay- cladding 6 

c)inPru Vessel’W1$ngWindw’7 

dliti, Hewy ‘W&r ‘cadun 5 

TOW 
4 

‘I . 

. . ‘, ., 

” 

INLET PRESSURE 4.76 BARS 

HEAVY WUrR CabwT 

Ai 43-C 

C00lANT WS=17!5m 
VELOCITY IN GAPS=S5m/s I . .L. 

FIGURE 1 SCHEMATIC DIAGRAM OF IkS URANIUM TARGET ” * ‘: :s “. 



Trips 

100 

80 

60 

Uranium targets 4 and 5 
Accderator trips pet day 

Figure L > 
Mar Apr 

Trips 4147 

Target 5 
Year 1990 ,. 

Trips 1541 

May Jun Jul Aug Jul Aug Sep 



COVER URANIUM DISC 

.F& 3 

CUP FRAME 

: 
SC~~EMATIC ‘DIAGRAM OF A URANIUM’ TARGET @LATE 



ICANs_XI International Collaboration on Advanced Neutron Sources 
KEK, Twkuba, October 22-26; 1990 

The LANsCE Repair Project 

Gary J. Russell, Harold Robinson, and Torben 0. Brun 
Los Alamos National Laboratory 
Los Alamos, New Mexico USA 

ABSTRACT 

The LANSCE liquid-hydrogen moderator safely vented on July 2, 1990. 
Subsequent investigations showed two leaks in the hydrogen loop. We 
substituted water for liquid hydrogen and continued to run LANSCE through 
October 1990. This substitution was an interim solution for providing neutrons to 
the two instruments using the hydrogen moderator as a neutron source. For a 
long-term solution we will remove the liquid-hydrogen loop and replace the 
canister and associated piping for the liquid-hydrogen moderator. During this 
LANSCE Repair Project, we will also replace the LANSCE target. The goal 
of the project is to have the new target and hydrogen-moderator loop installed by 
the beginning of the 1991 run cycle for the Clinton P. Anderson Meson Physics 
Facility (LAMPF). 

. 

I. BACKGROUND 

On July 2, 1990, the LANSCE liquid-hydrogen moderator’ vented in a safe and 
controllable manner.2 The LANSCE liquid-hydrogen moderator is depicted in Fig. 1. A 
vacuum gauge sensing the pressure in the hydrogen transfer-line jacket exceeded a preset 
trip point, signaling a valve to vent the hydrogen loop to the hydrogen vent stack. The 
over-pressure resulted from one of the (three) helium compressors shutting down, which 
let the hydrogen system warm up, causing a “burp” (off-gassing from a cryopumped 
surface) and raising the pressure in the transfer line. The venting of the hydrogen loop is 
a normal shutdown procedure for such an occurrence. 

Subsequent pressure tests with warm gas revealed two leaks: 
1) location: in the hydrogen piping between the liquid-hydrogen and the transfer- 

line jacket 
leak diameter: 0.004 inches 
cause: failure in a transfer-line bellows 

2) location: between the transfer-line jacket and the LANSCE crypt vacuum 
leak diameter: 0.065 inches 
cause: failure undetermined. 

Since the LANSCE run cycle did not finish until the end of October 1990, an interim 
solution for providing neutrons to the instruments using the liquid-hydrogen moderator 
was to add a “stop leak” additive to the hydrogen loop and backfill the moderator canister 
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and piping with water. Figure 2 shows the calculated cold-sour&gain (neutron intensity 
from a liquid-hydrogen moderator to that of a water moderator). In Fig. 2, we also show 
the gain as measured by Hamilton and Smith3, which demonstrates a penalty (intensity 
reduction) for the water moderator at long wavelengths. Because of this penalty, we 
decided to replace the hydrogen-moderator canister and associated piping with new 
components before the beginning of the LAMPF 1991 run cycle. This moderator 
replacement together with the replacement of the LANSCEtarget is referred to as the 
LANSCE Repair Project. 

: 

’ II. The LANSCE Repair.Project 

The objectives of the LANSCE Repair Project are to. design, fabricate, test, and install the 
following by. the beginning:of the LAMPF 1991 run cycle: 

a new canister, associated piping, and transfer lines for the liquid- 
hydrogen moderator; , 

new upper- and lower-tungsten targets, target canisters, and target-canister 
shrouds; 

new upper-crypt shielding; 
_JL 

improved target (thermocouple) diagnostics; and .I 

better proton-beam diagnostics. 

. In addition, we will see, if%we can enhance moderator performance and increase the signal-. 
to-noise ratio for all four LANSCE flux-trap,moderators.4 _ 

. * .:. : 
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ABSTRACT 
An experimental investigation on the thermofluid dynamics of the liquid LBE target for SINQ is in 
progress. The test section is a l/2 scaled down mockup of the target with a maximum heat input of 
200kW (heater pins are at the bottom inside a guide tube). Preliminary results up to 60kW show 
that generation of circulating flow is very efficient and fast. Relationships between the maximum 
temperature difference versus the input power and between the estimated velocity and input power 
both show the power law relationships as predicted by one-dimensional loop analysis. Experiments 
on flow patterns around the beam enterance window by flow visualization and ultrasonic technique 
(UVP) are also presented. 

I. Introduction 
The- target of SINQ is a liquid Lead-Bismuth-Eutectic (LBE) contained in a double coaxial tube 

which forms a coaxial type loop. The proton beam enters the target from the bottom upwards and 
deposits its energy in the lower portion inside the inner tube (GT : guide tube), *while heat 
exchangers are located at the upper part of the container. The natural circulation of LBE is utilized 
as primary cooling mechanism of this target. Details of this concept are given in [ 11. 
A one-dimensional analysis reported earlier [l] concluded that this loop configuration exhibits 

simple overall behavior, high velocity level of LBE flow and maximum temperature below the 
specified temperature limit. The analysis also yielded useful power law relationships of the target 
performance with respect to the input power. i 

Over the past years an effort has been made to experimentaly investigate the thermofluid dynamics 
of the coaxial loop configuration using liquid LBE. Two test facilities were fabricated : a small 
scale experiment and a scaled-down target mockup. Some results are described in this report. 
With regard to the cooling of the beam entrance window, an experimental investigation on the flow 

along the window using water was initiated. Some preliminary results are presented. 

II. Summary of a one-dimensional analysis 
A one-dimensional analysis of this loop configuration was reported in detail in [1,2] and it is 

briefly summarized here. 
The analytical model is a loop which consists of two long vertical legs of the same diameter as the 

guide tube and of the height of the target. One leg corresponds to the inner flow channel of the 
guide tube and the other to the outer annular channel. Uniform internal heating is provided at the 
bottom of one leg and a heat exchanger at the top of the other. The heat exchanger is simulated by a 
volumetric heat sink. By assuming a constant flow area over the loop and by neglecting the effects 
arising from turns at the both ends, the problem becomes one dimensional. The governing equations 
are the coupled system of the momentum and energy equation. By neglecting the thermal 
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cotrduction in the liquid, a closed solution can be obtained for temperature distribution, as 
schematically shown in Fig. 1. 

-* .az.i 

. 

Heated * 
Region _. (Hot Leg) -Heat Exchanger ~. (Cold Leg) 

, . 

.” 

‘. ,_” 

, Position 

Fig.1 Typical vertical temperature distribution of the one-dimensional 
natural circulation loop. Left half corresponds to the hot leg and right 
half to the cold leg. See [ 1,2] 

Extreme examples can be examined by this solution for the temperature distribution, giving several 
useful relationships on the target performance. @, the volumetric heat deposition rate, h, height of 
the heated region, L, target height, Q, uniform volumetric heat deposition rate, T, temperature, v, 
velocity.) 
The steady state velocity is related to the input power as, 

(1) v --> Q”3 

Therefore, the steady state velocity is proportional to the cubic root of beam power. 
The maximum temperature is, . 

(2) T,a --> QhlDL 

It is linearly proportional to the input power but inversely to D and L. 
The maximum temperature difference in the system is expressed as, 

(3) dT,,,, --> P 

. 
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III. Liquid metal experiments . 

1. Experimental Facility 

Fig.2 shows an illustration of the experimental facility prepared for the liquid metal experiments. It 
mainly consists of test sections for the Small Scale Experiment (SSE), the scaled-down Mockup 
(MUP) experiment and a common water loop for both the SSE and MUP. The SSE has two 
identical test sections ; one is for thermofluid dynamic testing and the other for corrosion testing. 
The water loop used for cooling maintains an outlet (supplying) temperature of 13O’C and a 
maximum inlet (returning) temperature of 2OOC (16 bars). The maximum cooling capacity is 
designed to be 200 kW. Each test section has its own LBE reservoir tank and LBE is always stored 
and frozen in this tank, not in the test section. 

Power SuPPlY _. 

1 DC 
200kW 

l/2 Mock1 

Lower Floor u 

SSE 

Therm0 
Fluid Corrosion 

I I I 

- Preheater 
Nr. 1 -c 130° c 

U 

Cooling Water Loop 

Fig.2 Schematic of the experimental facility for thermofluid dynamics of liquid LBE. 

Test sections 
The dimensions of the test sections are listed in Table 1 together with those of the actual SINQ 

target. The SSE was prepared for gaining experience in handling liquid metal and as such, 
configuration and instrumentation were assembled in a one-dimensional sense. The MUP is a 
scaled-down (l/2 scale) mockup for two-dimensional temperature distribution measurements. 
Whereas heating SSE is provided from the outside of the container wall, the MUP has 12 heater 
pins inside GT. The guide tube materials are quartz glass for the SSE and a stainless steel for the 
MUP. 

494 



Table 1 Dimensions of scaled rest Sections ‘. .’ _. . . .._ 

SSE ~ Mockup ‘, SWJQ 

Diameter (Lower) 133.3 ., 
& ‘- j do 

(Upper) -- 134.5 370 
Height 885 i7fh 3340 

GT diameter 100 . 44’ 123 

LBE inventory (Ltr) ’ 11 : 12: 160 
Max power (kW) ~I 20 200 650 
Heating Outside Heaters Proton 

container. ‘inSide GT beam 
I/ 

The MUP facility is a scaled-down mockup, as shown in Fig.3. The scaling factor is l/2. At 
present, the heat exchangers, are annular shelLtype for both the inner (within GT) and outer coolers. 
The lower part of the test section is insulated to!approximate an adiabatic condition for heat 
transfer. Heat is supplied at the bottom inside,GT with 12 specially fabricated heater pins affixed to . 
a bottom flange (Photo 1). The maximum heatinputwith all pins is designed to be 200kW. 
For measuring temperature distributions, 196 thermocouples are installed in the test section. The 

data acquisition system is a simple extension of the existing system which is described in an earlier 
report [3]. The system is monitored with the separate system which measures temperatures with 28 
TCs, mass flowrate of cooling water etc. 1 

_Qnetation ” 

After LBE was transported into the test section from the reservoir tank, it was left for several hours 
without heating in order to provide a stagnant state as an initial condition. Trial operation without 
such a well defined initial state resulted sometimes in the-generation of a reversed flow. 
Sudden heating was possible only for -small heat mput. This restriction is dictated by the initial 

sharp temperature rise inside the heater pins..Thus,: the.transient measurement of the temperature 
distribution was available only up to 25kW; For larger power, the input power was gradually 
increased in small steps. This was also the case for the terminating transient. An abrupt power cut 
can destroy the heater structure. 
Data collection was made throughout the operation of the experiment with a sampling time of 5 

seconds, so that a two-dimensional temperature history Gould be reviewed. 

’ 2. Experimental Results and discussion : 

1D vertical temnerature distribution 
The average vertical temperature distribution under steady state conditions in the SSE is plotted in 

Fig.4. The general behavior is in good agreement with the one-dimensional prediction. There is a 
sharp temperature increase in the heated re@on,- a flat distribution above this region, a large 
temperature decrease in the cooled region; and again&flat distribution below. A slight discrepancy 
is observed in the adiabatic region. This is due to’ ihe’ heat conduction in the liquid as obtained by 
the numerical calculations including this effect [2]. In the top region, the distribution is 
considerably distorted because of the existence,of, the GT supporter. : 
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Fig.3 Detailed schematic of the mockup experiment (MUP). 



Photo 1 Heting arrangement of mockup experiment (MUP). A 12 
heater pins assembly affixed to the bottom flange. Maximum heat 
output is 200 kW. 
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Photo 1 Heting arrangement of mockup experiment (MUP). A 12 
heater pins assembly affixed to the bottom flange. Maximum heat 
output is 200 kW. 
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Osec 35sec 50sec 405sec 52min 

Fig.5 Time variation of two-dimensional temperature distribution after sudden start of heat input 
in the MUP (25 kW). 





Comparison of Vertical Temperature Distribution- WE, 13.8 kW1 
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Fig.4 Measured and calculated vertical temperature distributions in SSE 
(13.8 kw). For numerical calculations, see [2]. 

MUP 
mtemDerature 

The variation of the‘2D temperature distribution after a sudden power input (25 kW) is shown in 
Fig.5 After the beginning of heating, only a few minutes are needed until the temperature 
distribution becomes almost similar to that of the steady state. During this initial transient period, 
the hot region inside GT quickly spreads, which indicates a generation of uprising flow inside the 
GT, leading to a start of the natural circulatidn~in the- system. In the. steady state distribution, the 
existence of an uprising flow inside the GT and the turning at the upper space are clearly seen. 

1D temnerature d’stribut’o s 
Vertical : Fig.6 ii a veii:l temperature distribution averaged over radius angle and time. ‘The 
overall’behavior of this distribution is in fairly good agreement,with the anaiytical*prediction’as can 
also be seen in SSE. However, several discrepancies have been found. There is .a large temperature 
decrease inside the’GT toward the top. This is considered to be mainly due to the cooling by the 
internal heat exchanger. 
A large temperatuie increase can be seen in ,the annular channel ,at the bottom region near the 
heated region. A slight temperature increase was also, seen ‘in SSE, which’ is _an effect_ of heat 
conduction in the liquid. However, this effect is much larger in the MUP, mainly due to the heat 
transfer through the GT wall from the inside to outside because of the larger thermal conductivity of 
the GT material. The heat transfer through the GT wall may correspond to the heat deposition 
outside the GT due to widening of the beam. It is known from a 1D analysis that this does not effect 
the bulk velocity of LBE but that it elevates the maximum temperature of the system [2]. These 
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results suggest that further investigation on’the effect of a thermal conductivity .of GT materials 
and/or a structure of GT should be made. 
Temperature fluctuations observed at the position just above heater pins and at the top of the LBE 

layer are due to three-dimensional effects arising from the existence of heaters and cooler- 
supporters. 

L 300 

100 I 

H 

Vertical Temperature Distribution (Cl=605 kW) 

n 

8 

n 

m m 

n D 

n ; 
n 

n n 

B 
n n 

n 

l 

8 

saters Coolers 

Fig.6 Vertical temperature distibution in the MUP at 60.5 kW. Averaged 
over radius, angle and time. 

Horizontal : Fig.7 shows horizontal temperature distributions at various heights of the test section 
averaged over angle and time. There is a clear temperature difference between the inside and 
outside of the GT at all positions, which is the driving force of the natural circulation. In the lower 
region below the heat exchanger (eb 2 and 3), the temperature decreases monotonically outward, 
while in the upper region it shows a small dip at the wall of the inner heat exchanger. The former 
clearly indicates heat transfer through the GT and the latter is due to cooling by the internal heat 
exchanger. The temperature difference between the inside and outside the GT becomes smaller and 
the temperature distribution is flatter for the higher positions. 
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Horizontal Temperature Distribution (Cl= 60.5 k W) 
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Fig.7 Horizontal temperature,distributions. Same conditions as Fig.6. 
Heights are eb2=18Acm, eb3=33.5cm, eb5=53.2cm, eb6=60.2cm, eb7=80.2cm, 
eb8=100.2cm, eb9=120.2cm, eb10=140.2cm and ebl1=160.2cm from the bottom. 

Thermofluid nerformances of tar= 
The maximum temperature difference in the system was estimated from temperatures at 30 cm 

above the heated region and at a point exiting the cooling region at the outer annular channel. This 
temperature difference is plotted with respect to the input power in Fig.8. It shows clearly a power 
law relationship as predicted by 1D analysis. The power coefficient is 0.58, which agrees well with 
the prediction of (Eq.3). 

The bulk velocity of the circulating LBE have &en estimated from an energy balance of 
liquid temperature flowing through the heated region, and plotted versus the input power in Fig.9. 
This also shows a very good power law relationship with a power coefficient of 0.33, while the 
predicted value is l/3 (Eq. 1). 
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In conclusion, the 1 power 
law relationships derived 
from the one-dimensional 
analysis have been 
confirmed by experiments in 
LBE. They are useful for 
predicting the thermofluid 
performance of the target. 
Based on this knowledge, the 
temperature difference in the 
system at full power 
operation is extrapolated to 
be 244’C. Using another 
scaling law approach (Eq.2), 
this gives a maximum 
temperature of roughly 
25O’C. Both are below the 
specified operating 
temperature of 350 - 4OO’C. 

IV. Window experiments 
An investigation of the flow 

patterns of target liquid 
along the beam entrance 
window is in ‘progress using 
water. So far, several 
window geometries have 
been tested by flow 
visualization technique ,and 
several qualitative facts have 
been obtained. The 
generation of a stagnant fluid 
layer in the peripheral pocket 
can be avoided by making 
the radius of the peripheral 
bend equal to the gap 
distance. The position of GT 
edge above the window is 
very important. The flatter 
central part generates a large 
stagnant layer in the central 
region above the window 
wall. With this knowledge, a 
cusp-shaped window was 
taken as a final design. A 
representative result of the 
flow visualization is shown 
in Photo 2. As can be seen 
in the photo, a stagnant layer 
does not appear and flow is 
totally smooth on the 
window wall. This leads us 

Maximum Temperature Difference vs Input Power 

Log (Power kW) 

Fig.8 Target performance : Maximum temperature difference in 
the system versus input power. 

1.4 

1 

LBE Velocity vs Input Power 

1 

Log (Power kW) 

Fig.9 Target performance : Bulk velocity of LBE versus input 
power. 
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to expect that the window is sufficiently cooled by LBE. On the other hand, the development of a 
boundary layer on the inside wall of the GT becomes significant. 
Further investigations are in progress using LBE. One method is, flow visuali?ation by neutron 

radiography and another by an ultrasonic velocity profile monitor. Fig.10 shows preliminary results 
from quantitative measurement of the vector flow field around the window using the water. The 
same technique will be applied to the liquid metal experiments. 
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Photo 2 An example of flow visualisation of flow along the target window. 
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Abstract 

The paper contains a discussion of the thermal-hydraulic problems of the target which require 
detailed analysis by means of a two- or three-dimensional space- and in part also time-dependent 
fluid dynamics code. There follows a short description of the general-purpose code ASTEC, 
which is being used for these investigations, and examples of the target modelling, including 
results. The final part of the paper is devoted to a short discussion of experiments against which 
this application of the code has to be validated. 

1 Introduction 

In an earlier phase of the project, thermal-hydraulics analysis of the SINQ Liquid Lead-Bismuth Target 
was mainly based on experimental investigations and simplifying engineering calculation methods [1,2,3]. 
Later, it was found that detailed computations of the fluid dynamic phenomena had to be undertaken, in 
order to adequately predict temperature distributions and resulting thermal stresses occurring in the target 
structures, under all kinds of operational conditions. This applies mainly to the. target windows, because 
recently detected uncertainties with respect to the proton beam profile require accurate predictions of thermal 
stresses to be made for cases of extreme thermal load. 

2 Target description 

The reference target of the SINQ Spallation source consists of a vertical liquid lead-bismuth-eutectic (LBE) 
column contained in a chromium-steel vessel (see Fig.1). The proton beam enters the target through a triple- 
walled window from below and deposits its energy mainly within the lower 0.3 m of the target. For a nominal 
beam current of 1.5 mA, a thermal power of 650 kW has to be removed. This is done by natural circulation 
of the LBE, which rises through a central guide tube to the top of the liquid column and then descends via 
a heat exchanger, situated in the annulus of the target container. The heat exchanger consists of a cluster of 
24 water-cooled pins, distributed uniformly in the annulus. Water enters a pin by flowing down inside an 
inner tube and exits via the pin annulus. The closure arrangement at the bottom of the target consists of a 
lower, double-walled safety window, cooled internally by water, and an upper, cusp-shaped window, cooled 
by the LBE itself (see Fig.2). Further details on window design are given in [4]. Natural circulation within 
the target is not generated solely by the proton beam itself. During beam shut-down, electrical heater rods, 
with a total power of 40 kW and which are installed inside the guide tube above the beam-heated region, 



cause sufficient pre-circulation of the target liquid to. .allow the g.roton earn to be sta+d .up within about 20 
seconds. 

.’ 

Fig.I also.shows auxiliary heating/cooling ducts for melting/freezing of the &BE.-For the .transfer of the 
target to a near-by repository, the LBE will be solidified to reduce transpoxta~on;risks.~ Further technical 
data can be found in Table 1. ., 

t .:.. _ .: ‘. 

,I > .’ -. _, ~ ,_ 

3 Thermal-hydraulics problems of the target arising dtikitig ‘nornial dpera- 
tiofi; transie!nts and ‘malfunktions ., ; ‘. ’ 

.’ 

The thermal-hydraulics problems of the target are mainly related to the task of ensuring integrity of the 
windows under all’ operating conditions, which means demonstrating that’ thermal stresses and temperatures 
remain within safe limits. The main. source of concern “lies in the variability of the proton beam profile. 
This is caused by the requirements of the users of Target E,’ a meson target .whicli lies upstream‘ in the beam 
channel, and by imperfectreliability of the beam control system. For the window region of the SINQ target 
the proton beam current density can be considered a combination of.the following two, roughly Gaussian, 
distributions: ‘( : ..‘. / ” . . . 

Jl 4 
j(r) x - e J2 -$ 5 +-e 

no,2 na; 
(1) 

where: Jl, J2 -= total currents of components, with J1 +‘Js = 1.5 mA 
0: =.1__8 cm2, I . . . . . 

a; F 19 cm2 _’ > _’ 

T = Radius from beam axis. - 
The first term in (1) is due to protons by-passing Target E and the, secondto.protons scattered in Target E. 

If it was possible to guarantee window integrity during continuous operation. with the full .beam being 
unscattered by TargetE, this would, of course, considerably simplify the target safety issue. For the design 
calculations, the preliminary assumption; has been made that the peaked part. of the beam contributes one 
third of the total beam, i.e. J1 = 0.5 mA. : ( ‘. 

There are, of course, other parts of the target container where thermal-stress’problems could arise, e.g. in the 
structures around the window, the lower portion of the ,guide tube, and the entry ,section of the pin.coolers, 
where hot LBE with an undulating free surface.flows by and causes thermal stressing in the walls. Additional 
stress problems are brought about by normal operational transients and exceptional situations due to special 
malfunctions. Details on window design and stress analysis calculations can be found in [4] and [5]. : 

Table 2 presents a summary .of cases which have- to be analysed by ,means of thermal-hydraulic and stress 
calculations. These computations have to be repeated, if necessary, in the course of an optimisation of the 
target geometry (Window shape, materials of the guide tube, its distance from the window and shape at the 
bottom edge, geometry of pin coolers, etc.). ’ 

. ..’ 

Adequate solutions to the resulting thermal-hydraulic cr&ulat.ional problems can only be obtained by means 
of advanced fluid dynamics codes which have the ability to solve the two- and three-dimensional, steady- 
state and time-dependent thermal-hydraulic differential equations in complex geometry. .Beside .geometrical 
complexity, there are a number of thermal-hydraulic phenomena which warrant the use of such a code: 

>’ 

1) On the window surface an%temally-heated boundary layer develops., Together with the power density 
and geometry of the window, the velocity distribution within this layer, its thickness and its turbulent 
structure will determine the window temperature distribution. These properties deviate from those of 
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an ordinary plane boundary layer because of buoyancy forces, surface curvature and flow geometry 
(converging flow). 

2). Behind the lower edge of the guide tube and, under special conditions, also on the surface of the 
window, .flow detachment can occur. 

3) During transients, other buoyancy-induced flow distributions may form above the window which can 
give rise to different window cooling behaviour. This is of particular importance for start-up transients 
with inadequate pre-circulation. 

4) For the investigation of safety-relevant incidents, it is preferable to be able to make best-estimate 
calculations instead of having recourse to worst-case analyses. 

The ASTEC code (6,7] was chosen to perform the necessary calculations because of its, flexibility and its 
proven ability in solving natural convection problems [8]. Additionally, our special contacts with the code 
developers will guarantee good support in the event of code-running difficulties. 

4 Short description of ASTEC 

ASTEC solves, in general, a porous-medium form of the thermal-hydraulic, time-dependent partial differential 
equations in a finite volume approximation 16.7). Fluids may be compressible or incompressible, and there 
is an option for the solution of additional mass transport equations. For incompressible fluids, ASTEC treats 
the thermal-hydraulics equations in the Boussinesq approximation. In regions of turbulent open flow (no 
porous medium), ASTEC solves, if required, the k - E turbulence model transport equations in order to 
determine space-dependent turbulent viscosities and diffusivities. 

The finite-volume approach combines the flexibility of the finite-element method with the numerical stability 
of finite difference schemes. It allows one to subdivide the three-dimensional solution domain into hexahedra 
(8-node elements) of arbitrary shape. Finite volumes are formed around the comer points (nodes) according 
to a special geometrical procedure (see Fig.3). For the purpose of the numerical approximation, all variables 
are discretised at the nodes, except pressures, which are stored at the element centxes. 

The time-dependent discretised equations are solved by means of the time-implicit SIMPLE algorithm [9], 
adapted to the finite-volume arrangement of grid points. A hybrid skew-upwind scheme is optionally used 
for the advection terms to reduce false diffusion. Steady-state solutions are obtained by calculating a “false“ 
transient, using very large time steps. 

The code has a number of features which allow complicated problems to be solved: 

- Several disconnected fluid regions with different material properties are possible. 

- Heat transfer between fluids and solids may be modelled by prescribed heat transfer coefficients, if the 
code is not to perform an explicit boundary layer calculation. 

- Additional modelling can be implemented using Fortran subroutines supplied by the user. 

- The programming is adapted to vector-processing machines, an advanced version also to transputers. 

- Packages for interactive pre- and post-processing (mesh generation, data analysis) are available. 

ASTEC has been validated against some benchmark cases and the natural-convection 
which was performed at PSI [6,8,10]. 
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5 ,Some results of ASTEC calculations for the SINQ-target 

An ASTEC model of the target is shown in Figs. 4+5. It consists of a 22S” sector of the cylindrical target, 
the smallest sector which allows explicit modelling of the pin coolers. Each face of the wedge model is a 
plane of symmetry. The central downflow-tube of the pin coolers is simulated by an annulus for simplicity, 
and heat transfer across the inner tube (water-to-water heat exchange) is modelled by means of heat transfer 
coefficients. For locations within the LBE itself,. the meshing near surfaces is made sufficiently fine for 
the code to .resoive the-thermal boundary layer. The model shown in the ~figkes has 9420 nodes and 7906 
elements, and the cpu time needed to complete calculation of a stationary case is about 2-3 hours on the 
Gay-2 of ETH Lausanne. x), : 

In a first series of calculations, effects of window shape &d guide tube insulation were investigated. Figs. 6-9 
compare results of velocity and temperature distributions for a domed and a cusp-shaped window. Obviously, 
the latter must receive much better cooling near the target axis, since window temperatures near. the centre 
are found to be much lower than for the domed window. In both cases no flow detachment occurs on 
the window surface itself, but a zone of recirculating ‘flow forms inside the bottom end of the guide ,tube. 
Maximum velocities rise from about 0.6 m/s in the case .of the domed window to about 0.7 m/s for .the 
cusped one. 

The one-third fraction of the beam reaching the SINQ target unscattered: is responsible for the high window 
temperatures in the centre. When the full beam is diffuse, maximum temperatures for the domed window 
are reduced by about 400°C. 

Temperature distributions along the axis of the target show g rapid drop from the window into the fluid and a 
subsequent increase due to volumetric heating (see Figs; lO+ll). The large temperature difference between 
the window surface and the relatively cool fluid layer above illustrates the importance of proper fluid flow 
and heat transport modeiling in.the boundary layer. 

‘_ 
‘. I 

Using an insulating instead of a thermally conducting guide tube leads to somewhat lower temperatures in 
the window region (x 20°C less) and to a slightly higher LBE circulation rate. Figs. 12+13 compare the 
axial temperature distributions on the outside surface of the guide tube for cases with thetmally-conducting 
and insulated wall, respectively.. .The effect does not seem to be important enough to justify the resulting 
material and shielding compiicatiork caused by employing an insulating guide tube, although it must be said 
that heat exchange between the riser and the annuius leads to mixed-convection flow effects, i.e. slightly 
higher turbulent heat exchange and friction. Since buoyancy forces near the guide tube oppose the overall 
circulation forces, however, no problems with discontinuity of heat transfer coefficients and friction factors 
occur as in the case of buoyancy-aided flow [ 111. 

ln Figs. 14+15 temperature distributions around the pm circumference and in a cross-section of the annulus 
near the bottom of the cooling pihs are shown. The variations around &IS are not excessive and should 
not give rise to thermal-stress problems. The trkverse temperature distribution at the bottom of-the butidle 
shows that a current of relatively warm liquid issues from the subchannels between the inner pin coolers, 
whereas over-cooled liquid exits near the outer wall. The arrangement of’ the pins could be somewhat 
better optimised, although the overall efficiency of the cooli&g arrangement seems to be acceptable. In the 
calculation ,there were 8 pins in the innner ring and 16 in the outer, A 9/1$ arrangement could .enable the 
pins to be more uniformly spaced in the annulus, though this geometry would increase the number of meshes 
needed for the ASTEC model. In addition, it is questionable whether such an arrangement could noticeably 
improve the cooling efficiency beyond that of an optimised 8/16 configuration. 

Further ASTEC calculations are in preparation. These use a finer mesh near the centre of the window, to 
reduce discretisation enors in the temperature field computation. Transient calculations to investigate time- 
dependent window temperature distributions for the analysis of transient stresses are also in progress. They 

511 



will be carried out on a restricted window-region model, with prescribedvelocity distribution at the inlet to 
avoid excessive computer time. 

6 Benchmark. experiments 

Although ASTEC has been validated against a number of experiments [6.8,10], additional testing-of the code 
on experiments closely related-to the SINQ target geometry is considered necessary. 

The first benchmark is to be the half-scale mock-up test of the target described in [12]. Its results will 
serve to test ASTEC with respect to integral performance, i.e. circulation rate, transient behaviour, and heat 
transfer to coolers. 

A second experiment, called TACOS (Target Cooling Simulation), is intended to compare ASTEC calculations 
with measured temperature and velocity distributions in the window region. ‘The experiment simulates flow 
conditions above the. window and heat transfer from the window surface to the LBE stream but does not 
include volumetric heating. Sodium has been chosen as the simulant fluid, because of the possibility of 
performing the experiment in a new on-site sodium loop. The design of the TACOS test section is shown 
in Fig.I6. It will allow the exchange of the heated part of the window as well as the lower end of the 
guide-tube, and variation of the distance between the bottom of the guide tube and the window. Temperature 
measurements will be made by means of themocouples above and below the window membrane, on the tips 
of a movable rake, and at various positions along the walls. Movable permanent-magnet velocity probes 
will enable measurements of velocity profiles to be made across the annulus and riser. There are two inlet 
chambers to the test section, allowing asymmetric flow distributions across the window to be generated. 

The auxiliary heaters below the inlet chambers are needed for the production of temperature fluctuations. 
These are intended to be used in correlation analyses for determining the circumferential flow distribution in 
the annulus. 

The setting-up of this special TACOS experiment for the testing of ASTEC is necessary because of the 
complicated fluid dynamic phenomena occurring in the window region, and by the strong influence which 
the window shape exerts on the temperatures, as exemplified by the results of ASTEC for the domed and 
cusped windows. 

7 Conclusions 

The complicated geometry of the SINQ target and the high heat load to which the target windows are exposed 
warrant the use of the advanced, thermal-hydraulics code ASTEC. 

First results show the importance of optimising the window geometry, but more refined calculations are still 
needed to give better details of window temperature distributions near the central axis. 

Additional benchmarking of the code, as described in the paper, is recommended in order to test its integral 
performance and particularly its ability to adequately predict temperatures in the window region of the target. 
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Table 1: Characteristics of SINQ-target 

Geometry (see also Fig.1) 

Height of LBE column: 3343 mm 

Outer diameter in moderator region: 180 mm 

Outer diameter in pin cooler region: 370 mm 

Thermal-hydraulics: 

Target fluid: 

Thermal power with nominal beam (1.5 mA). P = 650 kW 

LBE circdation rate A4 x 37 kg/s 

Pm coolers: 

Water inlet temperature T;, = 128 OC 

Water outlet temperature z ‘= 147 OC 

Total flowrate A? = 8.0 kg/s 

Total number of pins: 24 

Table 2: Normal and safety-related operational conditions 
of target to be investigated, 

1) Stand-by operation: 

- Prc-circulation by auxiliary heaters 

2) Start-up transients: 

- Normal beam power ramp 

- Too-steep ramp 

- Narrow-beam ramp 

- Beam start-up with insufficient pre-circulation 

- Restart of cooling after overheating incident 

,3) Full-power operation 

- Design case 

- Too-large fraction of beam by-passing Target E 

- Failure of secondary cooling 

- Impeded circulation due to guide tube defects or .loose parts 

- Rupture of water-cooled safety window causing water spray on lower surface of LBE window 

4) Shut-down transients 

- Normal case 

- After beam control malfunction or operator error (beam profile, start-up ramp) 

- After insufficient cooling 

- After failure of safety window. 
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DESIGN CONSIDERATIONS FOR THE 
SINQ TARGET WINDOW 

M. Dubs and J. Ulrich 
PAUL SCHERRER INSTITUTE 
CH-5232 Villigen-PSI, Switzerland 

ABSTRACT 

Since the proton-beam enters the SINQ liquid lead-bismuth target from 
below, a special window design is. needed to attain safe operation for 
at least one year. The present design consist of a double-walled water 
cooled entrance-window and a third wall cooled by lead-bismuth. The 
intermediate volume contains circulating helium in order to detect any 
leaks in the 2nd or 3rd wall at an early stage. Several investigations 
have been made in the fields of radiation-damage, thermohydraulics and 
stress analysis. 

I INTRODUCTION 

This report presents an overview of the factors being taken into account in the design for the beam- 
window of the SINQ target. 

SINQ will use the part of the proton beam left-over after passing through Target-E, the second of 
two meson targets here at PSI. The non-interacting part of the proton beam will be collected beyond 
Target-E, deflected downwards to pass under the experimental area to the centre of the source and 
finally pitched upwards to strike the SINQ-target from below. The spot on the target has normally a 
peak density of about 25 PA/cm2 at the SINQ design current of 1500 PA. 

The target consists of liquid Pb-Bi eutectic in a closed chrome-steel bottle (Fig. 1). Cooling is achieved 
by natural convection in the Pb-Bi transporting the heat from the neutron-production region at the 
bottom of the target to a heat-exchanger at the top. 

The beam-window not only has to allow the protons to pass from the beam-line vacuum to the Pb-Bi 
but also completes the containment and supports the pressure of the liquid. 
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The target window material will be subjected to high loading and has, as design goal, a guaranteed 
safe operational life-time of at least 1 mA - year. The following considerations have to be taken into 
account : 

- The main loading comes from the stress induced by the heating caused by the proton beam. 
This will depend directly on the current density in the beam spot. 

- Parts of the proton beam that miss Target-E will be better focused producing a higher 
peak to average current density. The window should be able to operate normally with up 
to 30 % of the beam by-passing Target-E and withstand a beam that totally misses it for 
a short time. 

- Pressure loadings. 

- Material property and geometry changes (“swelling”) from radiation damage and tempera- 
ture. 

- Corrosion. 

- Cyclic stresses from beam interruptions (at present these average at about 4 per hour and 
it is not unlikely that this rate will increase at least temporarily when the accelerator is 
operated at higher current levels). 

The design study requires a combination of ejcperiment, calculation and testing. 

II TECHNICAL CONCEPT 

The present window design has envolved from of an earlier water-cooled two-element concept. The 
high current density from the beam by-passing Target-E meant that the windows could only be cooled 
by using unacceptably high water pressures leading to straightforward mechanical problems and also 
to concern over safety: only a single mechanical barrier preventing leakage of water into the hot liquid 
Pb-Bi. 

The overall window assembly is now in two parts (Fig. 2) and gives three material barriers between the 
proton-beam vacuum and the Pb-Bi: the first (safety window) consists of a water-cooled “sandwich” 
of two elements and the second, a single element in contact with and cooled by the Pb-Bi. The 
interspace contains a flowing helium atmosphere (for detection of leaks in the window assembly) at a 
pressure somewhat higher than that of the Pb-Bi on the inner window. 
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Fig. 2 SINQ-target window assembly. . 

Technical data and parameters for the window are given in Table 1. 

The shape of the Pb-Bi window ,is determined by thermohydraulic considerations to give: 

- good heat-transfer in the central (beam-heated) region of the window 

1, low pressure loss in diverting the flow of the Pb-Bi upwards into. the guide-tube. 

The selection of the window element thicknesses and thickness-profile depends on: 

- the maximum stress (because of the three-dimensional loading, this is based on the von 
Mises stress) compared with the yield stress under the various operating conditions, bearing 
in mind all temperature gradients. 

l 

- Pressur6 differentials. ’ . 

The safety window is cooled by a transverse flow which enters through a series of holes at the rim. 
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A uniform flow distribution across the full diameter of the window is achieved by suitably shaped 
guides (see section JH.2). 

The present material choice for the window complex is type X 20 CrMoV 12 1 chrome steel (similar 
to type HT9): this has good mechanical properties at high temperatures and is compatible with hot 
liquid Pb-Bi under radiation conditions. In the event that future studies show problems with this 
steel, an alternative is Inconel for the safety window and possibly a ceramic material for the Pb-Bi 
window. 

Technical data-for the SINQ target window 

Proton Beam Energy 
Design Current 
Diameter 
Thickness at Centre 

,. 

Power Deposition in Steel per cm of Window Material 
Maximum Power Density (30 % of beam by-passing Target-E) 
Static Pressure on Pb-Bi Window 
(including 0 to 0.9 bar pressure above Pb-Bi surface) 
Helium Pressure in Interspace 
Water Pressure for Safety Window 

570 MeV 
1500 /LA 
18 cm 
0.1 - 0.2 cm 
30 kW 
ca. 1900 W/cm3 

3.3 - 4.2 bar 
4.5 bar 
10 bar 

III EXPERIMENTAL TESTS 

As part of the overall design study, a series of experimental tests looking at various aspects of the 
window, have been undertaken. These are described in the following sub-sections. 

III.1 RADIATION DAMAGE * 

The life limit for the window will most likely be determined by radiation damage. Two experiments 
have been mounted at the LAMPF (Los-Alamos) radiation effects faciGty. 

. 
In t.he first, the mechanical properties of various sample materials (iron, tantalum, Fe-2.25Cr-1Mo and 
Fe-12Cr-1Mo) irradiated in contact with Pb-Bi were measured [l]. The materials were irradiated with 
800 MeV protons to a fluence of about 5.4 x 1024/m2 which corresponds to about 1.6 dpa in steel. 
The HT9 (Fe-12Cr-1Mo) gave the best results (Fig. 3) 

The second test is a long-term irradiation of a prototype water-cooled window (Fig. 4). Two windows 
have been constructed from 10.5 % Chrome-steel (X 20 CrMoV 12 1 was not obtainable within the time 
schedule for the experiment) and mounted at the LAMPF proton-beamline. Technical data for these 
windows is given in Table-II. So far the windows have been irradiated for two beam-periods (about 
2000 mA hours beam current) and have received damage corresponding to about 7 dpa. The higher 
current densities to be handled by the SINQ-target due to the 30 % beam by-passing Target-E are 
estimated to correspond to a yearly damage accumulation of 40 dpa. It is hoped that the experiment 
can be run for some more beam-periods. 

C 
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Fig. 4 Photograph of a cut-away model of the lifetime-test window mounted at LAMPF 
radiation effects facility. The small item standing beside the window 
is part of the wedge-shaped flow guide. 
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The fabrication of these windows ham brought much valuable &perience ‘in rriachining and welding 
techniques: in particular, the importance of correct heat treatment before and after electron-beam I 
welding (Fig. 5). c 

Technical data for the Los-Alamos test windows 

Proton Beans Energy 
Average Current 
Window Diameter 
Window Material Thickness 
Water Channel Width 
Maximum Proton Beam Current Density 
Maximum Power Density 
Water Temperature at Entrance 
Maximum Measured Window Temperature 

600 

IHVI 

500 

I 

750 MeV 
700 PA 
18 cm 
2 x 0.2 cm 
.0.2 cm 
40 PA/cm2 
650 W/cm3 
40 OCJ 
182 “C 

l-7 
/ ritho$ \ 

- 
8M38\iIlQ 2h 8t 780-c 

Position 

Fig. 5 Results from a test of the Vickers-hardness of a sample weld for the 
LAMPF irradiation-test window (Electron-beam welding at 350 “C of 
10.5 % chrome-steel). 
Upper: Bardness-profile of weld before and after annealing. 
Lower: Profile of welding seam showing the measurement 
positions. 
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III.2 WATER FLOW IN THE SAFETY WINDOW 

The window is to be constructed from a pair of dome-shaped caps and the water flow is to be across 
the gap from an entrance to an exit manifold. The major part of the window heating is in a small 
region at the centre: the water flow must be adjusted to obtain proper cooling over the whole surface 
with particular emphasis on the central region. 

A plexiglass model of the window has been built and the flow patterns examined by injecting air 
bubbles. A good flow distribution was obtained by mounting wedge shaped guide-pieces at the edges 
of the window (Fig. 6). 

Fig. 6 Photograph of the flow in the Plexi-glass model window. The upper 
picture shows the effect of a simple baffle and the lower, of the 
wedge shaped flow-guide (see Figure 4). 
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III.3 EXPERIMENTS WITH Pb-Bi 

A set of experiments have been made or are in progress to investigate various aspects of Pb-Bi relevant 
to the window design. 

The temperature distribution (and hence stresses) in .the inner window will depend on the Aow of 
Pb-Bi in the neighbourhood of the window. This is complicated and has been studied by Y. Takeda 
[2], using a water-model. Flow conditions for various velocities and guide-tube positions have been 
examined. 

9.’ : 
\ II .’ 

Pb-Bi is known’to corrode several- materials (aluminium, nickel containing steel etc.). ,Samples of 
possibl”e compatible steels have been mounted in an.eIectrically heated, water cooled Pb-EKtest circuit. 
So far, this experiment has only run for six months_ and’ no probes have been extracted yet. 

A second similar Pb-Bi test circuit is being built. There are two main aims: 

- direct measurement of the heat transfer coefficient by Pb-Bi from steel 

- measurements of the characteristi,cs of a naturally circulating liquid-metal circuit (21. 

. : 
1 

;. 

A Pb-Bi eutectic mixture has the undesirable property of .a d,elayed swelling after freezing. 
./ 

A simple test to measure the size of the effect has’ been made: a 6.55 cm O.D. cylinder constructed 
from 0.175 cm thick chrome-steel was filled +ith’,molten Pb-Bi and then allowed to solidify: The 
diameter increased by a maximum of 0.35 %,over’-a,peGod of about 6 months: no measurable change 
of diameter occurred at later times. The consequence,of this is that the Pb-Bi should be kept molten 
as long as the target is to be operated. i’ ,, ‘. 

. ..I 
1 : j .. 

IV CALCULATIONS .. -:. ‘.I . . 
* 

The basic information required for both’~th~rmoh~d,rau~c,~~ stress analysis is the heating rate. The 
major part comes from the proton beam and there is a small contribution from backscattered particles . 
from the target. The current distribution at. the beam-wind& for both the “normal” and the “by- 
pass” components of the beam comesfrom beam-transport calculations. 

._ 

As experiments using surface-muons are to be,mounted at Target-E (these require a high proton flux 
at the surface of Target-E), the rather high value of 30 %.of the proton be& by+.%sing’Target-E has 
been taken as a reference value for calculations (Fig. 7). 

. I . 
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Fig. 7 Calculated profiles of power density in steel of SINQ-target window, 
for condition where 30 % beam by-passes Target-E, in the X- 
(bending plane) and Y-planes. Solid lines show the profiles on the 
target axes and dashed lines, through the peak of the beam. Also 
shown is the symmetric approximation as used by Sigg et al. [3] 
and Heidenreich [4]. 
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‘. 
The latest thermohydraulic calculations are presented in the report of :B. Sigg et al. ;[3) and results of 
a thermal and mechanical analysis of the current window design given in the report of G. Heidenreich 

VI* 

Both sets of calculations mainly discuss the steady state condition and also assume a radially symmetric 
beam exactly on the centre of the beam window. The next calculations will look at transient conditions: 
these will come from beam interruptions’&d &so&m the current-r&p at beam switch-on (Fig. 8). 

Fig. 8 

(mAI 

1.5 mA 

0.5 mA 

I -4- 

0’ ’ t (set) 

Proposed accelerator start-up current ramps to different proton-beam 
current levels. 

Future studies will need to include the effect of asymmetric loading. These will require the use of 
very elaborate msdelling calculations and can only be justified when the design of the window is more 
firmly established. I_ 
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ABSTRACT 

Preliminary results of a finite element analysis for the SINQ proton beam 
window are presented. Temperatures and stresses are calculated in an 
axisymmetric model. As a result of these calculations, the H&cooled 
window (safety window) could be redesigned in such a way that plastic 
deformation resulting from excessive stress in some areas is avoided. 

I. Introduction 

A thermal and structural analysis of the proposed design for the proton-beam window for the SINQ 
Pb-Bi target has been performed using the commercial engineering analysis system ANSYS [l]. A 
full description of the window design is given elsewhere 121. In brief, the overall assembly consists of 
two parts (see Fig 1): an inner window cooled on one side by the flow of the target Pb-Bi and an 
outer safety window made from two plates with water flowing between. The interspace has a He-flow 
(which plays no role in the cooling) and the whole assembly is to allow passage of the proton beam 
from vacuum to the target whilst also supporting the Pb-Bi. The main objects of the present study 
are the estimation of primary operational limits and safety margins for the window. 
The temperatures and stresses depend upon the current density of the proton beam. In normal oper- 
ation, all the beam passes through the up-stream meson target (Target E) and gives a peak current 
density of 25pA/ cm* at the design current of 1500pA. Under certain operating conditions a part of 
the beam will bypass Target E and result in long-term peak current densities of up to 105pA/cm*. 

In the worst case, the full beam misses Target E giving a peak current density of up to 265pA/cm*: 

such an extreme fault condition is expected to be rare and to last for only a short time. 
In the following analysis a safety factor 1 3.5, based upon the yield strength, has been calculated for 
the PbBi-cooled window and for peak current densities of up to 105~A/cm*. The HzO-cooled window 
(safety window) can, with slight design changes, have a safety factor of 2 2. 
At the extreme fault condition, where a peak current density of 265pA/cm2 is expected, the stresses 
in the PbBi-cooled window exceed the yield strength within a radius 5 12mm and plastic deformation 
occurs: this is due to the high peak temperature (about 83OOC). 
A brief description of the model details will be given in section 2. In section 3 temperatures and 
stresses are calculated for a peak current density of lOEipA/cm *. In section 4 the second HzO-cooled 
window design changes to avoid excessive stresses are discussed. The window stresses under the ex- 
treme fault condition (peak current density of up to 265pA/cm*) will be discussed in section 5. 
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II. Model Details 

The analysis has been performed with an axisymmetric’model: the outlines of the ikite element model, 
which corresponds to the proposed vfindow design, is shown in-Fig I.’ The‘materfal properties of the 
selected steel X 2OCrMoVl 21 ( DIN 1.4922 )-are given belowi 

: 

Elastic modulus 206 kN/mma 

Poisson ratio : : 0.3 
Thermal conductivity 0.624 ~(rnt@‘C 1 _ ” 1 

‘. 

1.12 lo-s/% 
_ ( 

Thermal expansion _. ,A_ :_ 

Yield strength vs. temperature: 

20 200 .300"400 460 480 -'500 550 I-- ."C ' : -: 
490 432 392 353 316 293 265 216 1 N/mm’ 

PbBi .’ ’ 

\ 

-He - Interspace 

HZO-cooled safety window 

ANSYS 4.4 
UNIV VERSION 
all 13 fQ90 
02:09:3t 
PREP7 C&MENTS 
TYPE W 

Target-Tube 

: ’ Flange : 

\ 
Nose 

Figure 1:. Outlines of the axisymmetric finite element model used in the present analysis. 

II.1 Power Deposition 
. 

The power density distribution is approximated by a two-component gaussian and calculated as a 
function of radius r with the following equation: 
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where 

IO = 1500 pA is the maximum total current,, 

E, = 1.69 W//LA) mm, the energy deposition by ionisation-loss, 
ur = 13.4 mm, the S.D. of the fraction by-passing Target E, 

Q2 = 43.6 mm, the S.D. of the ‘normal’ beam and 

90 = 0.016 W/mm3. 

The above equation takes account of a part-, E, of the beam bypassing Target E, which produces a 
smaller beam spot with a standard deviation of ~1. The uniform background contribution q,, comes 
from neutrons, gammas etc. backscattered from the target {3]. 

II.2 Heat Transfer on the PbBi-cooled Window 

The heat transfer coefficients for the PbBi-cooled surface were derived from a thermal-hydraulic 
culation [4] and are given in tabular form as a function of radius. 

cal- 

rh4 ..:o 1 2 3 4 5 7.5 > 10 ’ 

h(mW/tim2/OC);: 0 4.7 6.7 7.5 8.0 8.4 9.1 9.3 : 

A constant bulk temperature (Z’pbBi .s 226°C) for the PbBi in the region of the window has been 
assumed. 

II.3 Heat Transfer on the H&?-cooled Window 

The film heat transfer coefficient on the HsC-cooled surfaces are derived from a modified Dittus- 
Boeiter equation [5] which takes’into.account the thermal entrance length of the heated region. 
For subcooled boiling, the Shah-correlation [6) has been used. Two regimes of subcooled boiling are 
defined: the low subcooling regime where the following equation holds:- 

* = \E, 

and the high subcooling regime 

s=*,+* 

‘3 is defined as: 

“=x?x 

and g,, is the value of 9 at zero subcooling and given by: 

\E 0 = 230B0°*’ Bo 2 0.3 lo? * 

9 o = 1 + 46B0°.’ Bo 5 0.3 lo-* 
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The transition point between the two regimes has been calculated by the Saha-Zuber correlation [7]: 

When Pe < 70000 

2 

(AT,&+ = o.oo22qdk/A,l 

when Pe ~-70000 

. 

(AL& = 
. 

154.&/(Pe~p) ., 

The cooling of the safety window can be supplied either by the main coohng circuit-for the target 

@-bulk = 128OC) or by a separate circtit (Tbu(k = 4OOC). The predicted heat transfer coefficients, for 
both bulk temperatures and for different fiuid velocities and pressures, are tabulated below. A thermal 
entrance length of Xl = 3cm has been used to calculate the film heat transfer coefficient: the value 
of Xl corresponds approximately to the full-width half-maximum of thebeam~bypassing Target E. A 
constant bulk temperature is assumed in the flow direction. The critical heat flux has been estimated 
from the empirical formula given by SMirshak [8]: 

_ ‘_ . 

qchf = 151(1+ O.l197v)(l+ O.O0914AhT,& 

5 5 AT,d(,C) 5 75 1.5 5 v(m/sec) 5 14 
* 

. 

+ 0.186p) (W/cm2) 

1.7 5 p(h) 5 6.2 

. ; 

Heat transfer for the H20-cooled window (dl = 277~71) 

case %tdk Tazt ~~20 Vfluid Xl 4 Q&f 

“C “C bar m/set cm W/cm2joC W/cm2 
a) 40 180 10 2 3 1.4 1220 

.’ b) i ,, i ,I c- ,, j. 4 i )S i 2.6 1450 
c) t 11 ,,, ‘n t ._ S.-t ,> 3.7 ” 1690 

I 4 128 ” ” 2 ‘, .2.0 796 
e) ” ” ” 4 3.5 940 
f) ” ,’ I’ 6.. ’ 4.8 1100 
i r I 40 160 6.2 2 ” 

h) ” ” ” 4 ” 

1.4 840 
2~6 1000 

s I 

i) I,.” t ” ” 
t 6 ‘I?‘[ 3.7 -I 1170 

j j 

I I t 

128 ” ’ 2 ” 2.0 520 
h) ” ” ” 4 ” 315 620 
1) ” ” .“.. 6.. ” .4.8.. ~?20. 

.! 

The wall temperatures T,,, for the two windows as a function of the heat flux q are shown in Figs 2 & 3. 
As can be seen in these figures, case b) or c) should be chosen to avoid. subcooled boiling at a current 
density of 105pA/cm2: this corresponds to a.he+t &IX of 355W/cm2 for the 2mm thick window. In 
the stress analysis, only case b) has been used to calculate the temperature distribution within the 
H’zO-cooled window. 



Figure 2: Wall temperature T,,,(“C) vs heat flux q(W/cn*): T&,,& = 40”C,p~20 = lObar 

Figure 3: Wall temperature T,(“C) vs heat flux q(W/cm*): Tb& = l28”C,p~20 = lObar 
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III. Thermal and Stress Analysis for a Peak Current Density 
of 105p&?z2 

In the following analysis it is assumed, that 33% of the beam bypasses Target E and gives a peak 
current density of ltE~A/cmr. 

III.1 Temperatures and Heat Flow 

The above load and boundary conditions have been used to calculate the temperature distribution 
within the structure. Pigs 4 & 5 show the surface temperature of the IIZO-cooled safety window and 
the PbBi-cooled window respectively as a function of distance along the surface to the center. The 
calculated heat flow from the structure to the fluids inside (r 5 80mm) and outside the beam region 
(r 18Omm) are as follows: 

Heat flow to IjIzO : 

l’L Window element (r s 80mm) 5840 W 
2” Window element (p < 80mm) 5560 W 
Both Window elements (80 (: r < 90mm) 3310 W 

Heat flow to PbBi: 

Window element (r 5 80mk) 6720 W 
Window element (80 <, r 5 90mm) 1530 w 

Target-Tube 191 W/cm : 
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Figure 4: Temperature distribution (“C) of the HsO-cooled window plotted as a function of the dis- 
tance (mm) to its center. 
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Figure 5: Temperature distribution (“C) of the Pb~Bi-cooled window plotted as a function of the 
distance (mm) to its center. 

III.2 Stresses : 

A linear structural analysis based upon the calculated temperature distribution has been performed 
for the following static pressures: 

PH20 = 10 bar 

PHe = O&lo bar 

PPbBi = 5 bar 

In the Figs 6 & 7, the calculated component stresses S, for the two windows are plotted as a function 
of the distance along the surface to their centers. Here, S, represents the in-plane component stress in 
the radial direction. As can be seen in the figures, the main contribution comes from bending stress 
induced by the thermal’load. Prom the calculated stress distribution the von Mises stress has been 
used to evaluate a safety factor, based upon the temperature dependent yield strength. The stress 
maxima and corresponding safety factors are summarized below for the different load cases: 
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Von Mises Stress (N/mm2) and safety factor () 
-(ppbBi.= Zbar, pH20 = lObar) 

Load i thermal R’ko I yes ye= 
case pae(ber) 0 0 10 

l*:lY O-cooled z r < 50mm - 150 (3) - 
50 (3) - .- window Ir>50mmI( - j If 

2”dH90-coolkd I r < 50mm II 40 I 4?1(1 

I -‘---- 
v&ldow 

I. 
window 

n 1 \ 81) ‘432 (.88) 
r > 50mm 11 145 1 360 (1.3) 340 (1.4) 

00 100 I, , (3.5) (3.5) 
r > 50mm fl 100 ‘1 P90 (2.0) 170 (2.5) 

I PhBi-cooled I r < 50mm II 40 I U 

The safety factor in the center part of the PbBi-cooled window reaches a value > 3.5, while the second 
HzO-cooled window sbows.a safety factor < 1 at its center, where plastic deformation may occur. 
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Figure 6: Component stressesS,(N/ mni2) plotted along the surface of the 2”dX20-cooled window as 
a function of the ‘distance [ham) to its center (phi = Obbir). :. 
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the PbBi-cooled window as a 

IV. Redesign of the second HZO-cooled Window 

From the present studies the essential influence of the temperature’drop at the window center as well 
as at the flange to the stress level can be seen. Therefore, the following steps have been taken: 

l The thickness of the window has been decreased from 2 to lmm at its center and increased from 2 
to 4mm at its edge. This is done by changing the radius of the spherical surface of the He-side from 
the original 154mm to 141.7mm. 

l The nose of the support ‘flange has been removed. 

A thermal and stress analysis has been performed for this new geometry. The von Mises peak stress 
in the window now occurs at the edge and is 264N/mm2; at the center, the stress is reduced from 

471N/mn2 (with the original design) to 220N/mm 2. The corresponding safety factors, based upon 
the temperature dependent yield strength, are > 2 throughout ,the window. The component stresses 
S, plotted along the window surfaces are shown in.Fig g and may be compared with those for the 
original design in Fig 6. 

i 
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Figure 8: Component stre.sses SY(N/mn2) plotted along the surface of the redesigned 2”dH&cooled 
window as a function of the (mm) to its center (pi= = Ob&). . 

V. Thermal and Stress Analysis for a Peak Currerit Density 

of 265/~A/cm~ * 

In the following simulation, the extreme fault condition is assumed, where the full. beam bypasses 
Target E (E = 100%). The same boundary conditions have been used as in the previous calculations. 

. 

V.l Temperatures 

In Fig 9, the temperature response of the PbBi-cooled window at its center has been plotted as func- 
tion of time. At t = 0 the beam has been changed from normal operation (a peak current density of 
25j.~A/cm~) to 265jiA J cm2. The steady-state temperature distribution for each window is shown in the 
Figs 10 & 12. The surface temperature of the HrO-cooled window exceeds the saturation temperature 
of the liquid within a radius r 5 12 mm for the first and r <, 7 mm for the second window and the 
high subcooling regime starts. The heat flux from the fist window reaches a value of w 900 W/cm2 
but is less than the predicted critical heat flux. 
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Figure 9: Temperature response (“C) of the PbBi-cooled window at its center plo.tted as a functiop 
of time t (xc). At t = 0 the beam size has been changed from a normal operation at a peak current 
density of 25pA/cm2 to a peak density of 265pA/cm2. 
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V.2 Stresses 

In Fig 13, the von Mises stress has been plotted along the surfaces of the first HsO-cooled window as 
function of the distance to its center. The stress level is less than the allowable yield strength at the . 

corresponding temperature and at any position of the window. In Fig 14, the component stresses S, 
are plotted along the surfaces of the second HzO-cooled window. At the center, the von Mises stress 
exceeds slightly the yield strength within a local region. The component stresses S, along the surfaces 
of the PbBi-cooled window are shown in Fig 15. Within a path length 5 20 mm, corresponding to a 
radius 5 12 mm, plastic deformation occurs and stress relaxation is expected, due to the drop of the 
yield strength at the high peak temperatures of up to 830°C. The elastic limit is reached at - 550°C 
which is about 0.5sec after the current-density increase (see Fig 9). 
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1 

300 

400 

300 

200 

100 

D 

-100 

-200 

-300 

-400 

-SO0 

SY 

He - side 

f 

/ 
0 I ‘20 1 50 1 ‘60 I ‘so 1 

DIST 

‘100 
10 30 !m 70 90 

WSYS 4.4 
UNIV VERslOd 
Au0 10 3990 
22: 14:oo 

POSTI 
DSYS-22 
STEP-1 
I TER- 1 
?ATH PLOT 
NOD+.1301 
NDD2-1360 

EXS-22 

POST 1 
DSYS- 16 
STEP-l 
ltER=l 
PATH PLOT 
NODl=l701 
NOD2=1760 
SY 
CSYS- 16 

&T&65 
KC -0.5 
17 10.5 
2f =D.s 

Figure 14: Component stresses SU(N/mm2~plotted along the surfaces 
dow as a function of the distance (mm) to its center (265~A/cm2). 

of the second H&cooled win- 

. 

400 

320 

240 

160 

60 

0 

-80 

-160 

SY 

-240 

-320 

He - side 

PbBi - side 

. 

-400 1 DIST 

0 1 ‘16 1 132 I 
I 
46 1 ‘a4 I b0 

8 24 40 56 72 

ANSYS 4.4 
UNIV VERSlON 
AiJD 10 1990 
g;;g:51 

OSYS- 11 
STEP-1 
I TER-1 
PATY PLOT 
NODI-t 
NOD29Sl 

ZYS-11 

&T&666 
Kf 10.5 
YF -0,s .I 
Zf -0.3 

POST 1 
DSYS-I2 
STEP=1 
lTER=l 
PATi PLOT 
HOD I-506 
NOD2=SS 1 
-51 
csYS=12 

~:Sf:.6666 
Xf =O.s 
Yf -0.s 
2f ro.5 

Figure 15: Calculated component stresses (S,,(N/ ~FZTTZ’) plotted along the surfaces of the PbBi-cooled 
window as a function of the distance (mm) to its center (265pA/cm2). Note: in this case, the tem- 
perature is higher then 55OOC and outside the range of yield-strength data. 

549 



VI. Conclusions 

The present study predicts adequate safety margins for peak current densities of up to 105~A/cm2 
and hence, safe long-term operation may be expected for both windows. For higher current densities, 
up to 265pA/cm2, the stresses stay well within the elastic range of the selected steel throughout the 
H20-cooled window. However, the present linear analysis shows that the stresses in the PbBi-cooled 
window exceed the elastic limit. Further investigations are required to allow prediction of the lifetime 
and failure mode of this window: these need to include non-linear analysis and load cycling as well as 
the change of the material properties due to irradiation effects. 

VII. Nomenclature 

AT,, = 
AT,,, = 

Tmit 

~bulr 

TtU 

9 

Q&f 
h 
Bo 
Pe 

Xl 
dl 
dh 

Xfl 

T rot - Tbulk subcooling 

Tw - Tat 
saturation temperature of fluid 
bulk temperature of fluid 
wall temperature 
heat flux, power density 
critical heat flux 
single phase heat transfer coefficient 
boiling number 
Peclet number 
thermal entrance length 
channel width of fluid 
hydraulic diameter 
thermal conductivity of fluid 
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ABSTRACT 
Preliminary results from scoping calculations 4x anii&g the possibilities of im- 
plimenting a Pebble-bed of Pb-shot as a target for SINQ are presented. The 
piimary design objects are set out and’ estimates of heating and activation 
given. Cooling circuit parameters are discussed and estimates for operating 
conditions presented. A short discussion of problems associated with a reali- 
sation is included. 

1 Introduction 

Neutronic calculations [l] indicate a Pb-shot pebble-bed target- system is capable of producing 
thermal fluxes at least as high as with the current engineered .design for the liquid Pb-Bi 
eutectic mixture target. A solid-Pb target system has a less hazardous nuclide inventory and 
the activation. locked in a solid matrix. It is’also subject to less severe material compatibility 
difficulties (which in the case of the Pb-Bi target bring the majority of the flux loss). This 
opens the way to the production of a target system with large operational safety margins 

while using materials with ‘neutron&By acceptable characteristics. 

The prime requirement for the design is to maintain the integrity of the beam-window and 
to hold the Pb under its melting point. The major consideration is proton beam current 
density. .The peak current-density at the design current of 1.5 mA and for all the beam 
passing through the up-stream meson target (Target-E) is predicted to be 25 PA/cm’. Any 
beam which by-passes Target-E will produce a smaller spot at SINQ. Such a beam condition 
is likely to arise from operational tolerances for the accelerator/proton-beam complex and 
may result in current densities up to 100 PA/cm2 and for long periods; under extreme (and 
rare) fault conditions, the by-pass component could contain the whole beam and then the 
current density would reach 260 pA/cm2. 

A target system unable to stand such high current densities would require protection systems 
against them. If the, maximum handleable current density is too low, it will cause, at the 
minimum, a loss of thermal-neutron fluence from excessive beam interruptions. A reasonable 
margin of error is required: it should allow any remedial action to keep the beam matched 

to Target-E to be taken:at a realistic speed, but has to be limited. because of the technical 

difficulties of handling, the high-power densities. , 
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We take as primary specification that the target/beam-window system will be capable of 

normal operation (satisfies thermal and mechanical criteria) with a peak current density of 

100 PA/cm’ and, to limit the scope of accident-scenario discussion, will ‘survive’ current 
densities of 260 PA/cm 2, for a short time period at least (it will have only marginal safety 

tolerances). Implicit in this specification is that the average peak current density over (say) 

one operational year remains close to 25 PA/cm’, i.e. a hundred or so hours at the higher 
current levels accumulated over the year. 

The final design of the Pebble-bed target is to fit into the present geometry of the Pb-Bi 

version [2]. The neutronically important region will be inside a cylinder of roughly 20 cm 

diameter and 100 cm long. This suggests an axial water flow as space limitations would make 

transverse cooling difficult to implement. On simplicity grounds, we consider a randomly 

packed bed and with the Pb-shot constrained into several sub-packets. At this stage we also 

restrict the considerations to the (most important) length of 50 cm which covers the main 

heating region. A sketch of the target is shown in Fig. 1. 

Preliminary estimates for heating will be given in the next section and in the following 

two sections, cooling system parameters for the Pb-shot and the window respectively will be 
discussed. Section 5 will present activation estimates and a brief review of other considerations 
to be incorporated into a practical target design will be given in sectio; 6. 

2 Preliminary Estimates for Heating 

A sketch of the target and moderator systems used for the neutronic estimates may be seen 

in Fig. 1 & 6 of (11. Both activation (Section 5) and energy-density will vary somewhat 

with details of the design (maybe at the 10’s of percent level) and will need recalculation 

when a detailed design for the whole system is available. Furthermore, the calculations have 
been made using a theoretical estimate for the proton beam distribution which corresponds 
to ‘perfect matching’ with Target-E (i.e. a peak current density of 25 PA/cm’ at 1.5 mA). 

The energy balance for the inner part of the SINQ system with the Pb-shot target and for 

570 MeV protons may be seen in Table IV of [I]. 

The pebble-bed has been represented in the calculation by a homogeneous mixture of 50% 

by volume Pb and DZO. A simple hand estimate indicates that about 90% of the energy 

will be deposited in the Pb: an initial power density distribution for the Pb is based on t-he 

assumption that it receives all except the gamma-contribution (prompt nuclear and ?r”). The 

resulting power-density distribution is shown as a contour plot in Fig. 2. 

For a beam current of 1 mA, the calculation gives the following values:- 

Total Power Average Power Peak Power 

(k W) Density (W/g) Density W/g 

D20 (Direct) 33 

Pb-Shot 385 6.7 37 

Inner Al Wall 4.2 1.4 2.7 
Outer Al Wall 4.4 1.2 2.4 

The power-density for the window aluminium is given in terms of two factors: a conversion 
from proton beam current density at the window to power-density (2.5 W/g for 1 PA/cm’ 
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II20 inlet 
(window) , 

Figure 1: 

DzO inlet 
, (pebble- bed) 

Pb-shot 
/ 

yindow 
/ 

f.i proton beam 

A sketch of the Pb ‘Pebble-bed target. Afuminium is to be used for 

the material of construction and &Oas the cootant for both the 

pebble-bed and the beam window. 
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Figure 2: 
* 

0 i 0. 20 30 40 50 
2 (cm> 

A contour plot of the power density distribution &[T;‘z), W/cm3, in 

the Pb of the pebble-bed for a total current IO of 1 mA, a0 = 4.36 cm 

and a void fraction $0 = 0.5. 

proton beam current density) and a background contribution of 1.4 W/g/mA from neutrons, 

gammas etc. backscattered from the target which is approximately uniform over the whole 

surface of the window. 

The critical regions from the cooling point of view are the beam-window and the pebble-bed. 

The basic results from the neutronic calculation need some processing so that they can be 
applied to the varying beam-size. The power density distribution in the pebbles depends on 

both the proton beam density and the void fraction 4 of t.he packed bed. The beam density 

distribution is approximated by a two component gaussian: one component represents the 
normal operation mode, where all the beam passes through the upstream meson target (Tar- 

get E) and gives a standard deviation of a,, = 43.6mm; the second component represents a 
part c of the beam, which by-passes Target E and gives a standard deviation of a, = 13.4mm. 

Fig. 2 shows the power density distribution qo(T,,z,) for a beam current I, = ImA, the stan- 
dard deviation a,, and a void fraction 40 ‘= .0.5 of the packed bed. The values of qo(T,, to) has 
been scaled by the relations below, to calculate the power density distribution q(T,z) for the 

design current I = 1.5mA, the void fraction 4 = 0.4 of a randomly packed bed and for a part 
E of the beam by-passing Target E. 

where : 2, =’ -2 and T, = a,~ 
l-9 

1 - $0 a, 
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3 Cooling of the pebble_be&c -.j . .’ i : ... 
, :’ ; 

- -<. z, / 

‘The’ parameters-of’the cooling systeni of the’bed should satisfy; the following general condi- : . 
tions: 

l The maximum centre temperature of the Pb-shot should be below the melting point of 
Pb (327 “C) at incident proton beam current densities up to 100 PA/cm2 and also for 

’ T at-least some time-at 260 PA/cm’ ( tie imply by this “that .at the ‘highest.pow,er_ density 

0 

: 

e 

safety margins &ill be very ‘small - it is considered to be an extreme,fa& condition). ,. ‘\.. ., : 

The surface temperature of the balIs should be below Taat, the saturation temperature 
(Note:. the high.pressure loss means that .T,,t will vary along .the length .of the .pebble 
bed). 

A practical beam window to withstand the high current densities specified will not be 
able to stand pressures abpve about 12 ‘bars. 

There will be a range of operating conditions and .so, following some introdudtory general 
considerations on’power distribution, heat-transfer and pressure-lossin the pebble-.bed,.-the 
.ranges of ,these parameters vvill be considered in terms of a water-velocity - shot-diameter 
search space. . ‘, .I. : j ’ : .’ : ‘_ 

3.1 Heat Transfer and Pressure &ss in the Packed Bed 

The heat transfer coefficients, h, on the pebble surface ark’~&l&lated’from 13): 
+ 

~=&p-,9)‘- 7 . L 1 
: M..:, ,, 

, NY = (0.4Reoe5 + 0.2Reoa67,)P~0” : ., _ 

ReA v;d Lo 3 

. ;vJ&-f#) .: 

where vfris the kinematic~viscosity and k,l, the therm&,donductivity of.the cbolant. 

The pressure loss- dP/di in the bed is ‘Glculated using [4j: 
..’ 

dP ,, ~pjlv~l-~ -= -- 
dz 2d $3 ‘. : 

\E= 
320 -_2() ‘. >.’ .; .’ 
x+=+1.75. . _. 

and where pjl -is the density of the fluid. ” 

In Pig, 3, the pressure loss.is presented as, a function of the fluid velocity vz. measured, in the 
empty bed and the pebble-diameter d for a vojd fraction r$ = 0.4 . ,To avoid excessive stresses 
at the window, the pressure loss should not exceed -12 bar/m, which corresponds to an 
entrance pressure of 12 bars and an exit ‘pressure of 6 bars for the. 50 cm long bed. 
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3.2 Temperature Distribution 

In the present axisymmetric model the temperature distribution of the fluid Tir(r, z) within 

the packed bed is calculated by (51: 

where k, = pflcfvr$d represents the radial convective heat transfer, F.is a shape factor 

(F=1.15 for spheres) and K is a function of both the pebble and bed diameter (K=8.5); 

W = q(l - 4) is th e p ower density (normalized to the total volume) and cfl is the specific 

heat of the fluid. 

The surface temperature T,(T, t) and the centre temperature T,(T, z) of each spherical pebble 

are derived from: 

Z=q$ + Tjl and 

where k is the thermal conductivity of the solid lead. 

The above formulism has been used to calculate the temperature maxima within the bed, 

normalized to the peak current density and as a function of the pebble-diameter and the 

fluid velocity. The results are presented in Fig. 4 for the D20 temperature,Fig. 5 for the shot 

surface temperature and Fig. 6 for the centre temperature. 

3.3 Operating Parameters 

The results of the parameter survey (Figures 3 to 6) together with the constraints, allow 

construction of a velocity - diameter diagram describing the range where practical operating 

conditions exist. It will also indicate the process causing any limitation. 

Taking 12 bars as the highest water pressure at the window, a pressure drop of 12 bar/m 

is a reasonable practical limit. This gives saturation temperatures of 190 “C at the window 

and 160 “C after 50 cm. As the contours ‘indicate only the maximum values and not their 

position, we take 160 “C as the saturation temperature. Taking-a water temperature of 40 “C 

at the start of the bed then the reduced temperatures at 25, 100 and 260 PA/cm’ are:- 

25 PA/cm2 100 PA/cm’ 260 PA/cm2 

D2 0 Temperature 4.8 1.3 0.46 

Shot Surface Temperature 5.2 1.2 0.5 

Shot Centre Temperature 11 2.9 1.1 

These values are used to construct the velocity-diameter diagram shown in Fig. 7 for 100 PA/cm2 

and Fig. 8 for 260 PA/ cm2. Any combination of values in the diagram (Fig. 7) are adequate 

for 25 PA/cm’ and the range of choice to satisfy 100 PA/cm2 is wide. 

As the beam current density increases the working-space shrinks onto the ‘12 bar/m’ line 

(see dashed lines in Fig. 7) indicating firstly the maximum current density handleable and 

secondly the optimum shot diameter: the values are about 170 PA/cm’ and 5 mm shot di- 

ameter. The operational maximum will be at a somewhat lower current density to allow 

sufficient tolerance to handle the void fraction statistical variation from random packing. It 
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Figtire ‘3: 

40 50 60 70 ^ 80 
v [cm/set) 

: \ ’ 

Contours of equal press& l&s (bar/m) as a function‘of water velocity 

and sphere diameter. ” . ‘. 

., . 

0.8-““‘““‘““‘““‘““‘““‘““” ’ 
._. 

Figure 4: Contoursof equal pCak reduixd‘L&O temperature for a range of fluid 
velocitiej and P&sphere Cjiamoterf; The reduced. temperature is cal- 

’ culated from Fj’-p.i*, h w ere 7 is the peak proton curient density 

(. PA/cm”), Tjl -is th e actual fluid temperature and Z”‘fl,in is. the tem- 

perature of the fluid iit thti start of the bed. 
i 
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Figure 5: Contours of equal peak reduced Pb-sphere surface temperature for 

a range of fluid -velocities and Pb-sphere diameters. The reduced 
temperature is calculated from ” -:lei”, yhere 77 is the-peak proton 

current density ( PA/cm*), T, is the actual surface temperature and 

Tfr,in is the temperature of the fluid at the start of the bed. 
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Figure 6: Contours of equ.aJ peak reduced Pb centre temperature for a range of 

fluid velocities and Pb-sphere diameters. The reduced temperature is 

calculated from Tc-T’r*in, where 77 is the peak prot.on current density 

( /lA/cmZ), T, is tze actual peak centre temperature-.and Tfr,i, is 

the temperature of the fluid at the start of the bed. 
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should also be noted that a higher maximum might be obtained if nucleate-boiling was in- 
cluded; this,cannot be treated at this stage; . I - 

Fig. 9 shows a plot of the three pertinent temperatures (DsO , surface and centre of the shot) 
along the :axis of the bed for a current. density of 1’70 PA/cm*, a shot. of diameter 5 mm 
and a water-velocity of 75 cm/set. Temperatures are well below their limiting values at all 
positions. 

Fig. 8 shows that for a current density of 260 PA/&* (Note: the higher velocity range), a 
simple 50 cm long pebble bed would require a pressure drop of 35 bar/m. This is considered 
to be incompatible with a practical beam window to handle the same current density. 

The main limiting factor is the temperature of the D20. The lateral spread of the water flow 
through the pebble-bed is rather low. Consequently, too small a mass of water is available 
to handle the high power on the axis. The distribution of water temperature through the 
pebble-bed is shown a,s a contour plot in Fig. 10. This suggests that a fruitful approach would 
be to introduce ‘flow-$vertdrs’ between the sections of the pebble-bed. These would laterally 
displace the axial water flow after some suitable distance down the pebble-bed and divert 
cooler water to the axis for the next section of the,bed. The results of Fig. 9 & 10 would 
suggest a displacement of 3 or 2 cm after about IO cm as -being sufficient. No detailed work 
has been done on this yet. 

....% -7 

:.,_ .-_., 

The window has to pass 1.5 mA proton current with a peak current density that can reach 
260 PA/cm’. .There $I be l,2 bars’ static press&e’ on’ the ‘inner ‘side from ‘the pebble-bed 
coolant and the proton_‘b& v&uum.on the out&‘&de; ‘; -’ ‘. ” .’ .’ 

The design for the outer (safety) element of the beam window for the Pb-Bi eutectic target 
[6] is taken as starting point. “In this case, aluminium is to be the material of construction 
and (temperature dependent) material properties as for 6063 - T5 alloy have been used for 
the thermal and stress analysis made with the engineering analysis system ANSYS [7]. The 
window consists of two spherical caps with D20flowing between and is shown in Fig. 1. The 
aluminium thickness at the centre is 2 mm and the co&g will be supplied by an independent 
circuit. The power density distribution used has been described in Section 2. Heat transfer 
coefficients as for the:earher analysis (61 are used here: h = 2.6 W/cm*/“C for a,flow velocity 
of 4 m/set and a bulk temperature of 40 “C. For the present, the cooling effect of the water 
for the pebble-bed. is neglected so that for the present both elements are identical and cooled 
on one surface only. The &tra cooling will improve the safety-factor of the inner element but 
the flow characteristics for the pebble-bed coolant in this region are not yet worked out. 

The maximum temperature for the window at a peak current density of 269 PA/cm* is 160 “C 
on the vacuum side. The von Mises stresses and the safety factor based on yield strength for 
peak current densities of 100 and 260 &I/ cm* ‘are given in the following table (the 50 mm 
radius roughly .delimits the regions with and without beam heating):; 
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Figure 9: Axial temperature distribution at a peak current density on the beam 

window of 170 PA/cm’ through a pebble-bed with.5.mm diameter 

Pb-shot and. a D#velocity, z)=, of 75cm/sec. A water temperature 

of 40 “C at the start of the .pebble-bed has been assumed. 
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Figure 10: Contour plot of the fluid temperature in the pebble-beds as a func- 

tion of depth (z) and radius. The conditions are: water v&c- 
ity = 75 cm/set, sphere diameter 5 mm, proton beam current density 

= 170 PA/cm’ and inlet water temperature 40 “C. 
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von Mises Stress and safety factor. 

(P ulindow = 10 bars, PpcbI&-bcd = 12 bars) 

100 PA/cm* 260 PA/cm* 

Stress Safety Stress Safety 

N/ mm* Factor N/mm* Factor 

Outer Window r 5 50 mm 40 3.5 70 2 

rL50mm 139 1 137 1 

Inner Window r 2 50 mm 43 3.5 125 1 

r 2 50 mm 20 7 20 7 

This indicates a window to pass 260 PA/cm* is practicable (the calculations are made with a 

minimally modified existing design). The main stress is caused by the static water pressure 

for the window coolant and the safety factor of 1 in the outer regions is indicative of the need 

for some design modifications. 

5 Activation 

A major consideration in the design is activation. A great practical advantage of the Pb- 

Bi target is that the main bulk of the total activation is sealed into a container and also 

the activation is diluted through a large mass of material. The activation of the Pb is less 

hazardous but the specific activation (and hence after-heat) will have a higher density and 
also the cooling D20is directly irradiated by the beam. Corrosion and the direct activation 
means that the external parts of the cooling circuit will have to incorporate adequate safety 

precautions. 

The activation estimates come from the same calculation used for heating (see Section 2) and 
take into account nuclides produced by the high-energy particle cascade, fast and epithermal 
neutrons, thermal neutrons and (in the case of the Pb-shot) polonium production via a- 

particle induced and double production processes. No direct estimate for tritium production 

in the high-energy cascade is available at this time. 

5.1. Lead 

The build-up of secondary-product mass, activation, ‘burden’ ’ and decay power for 1 mA 

operation is shown in Table-I ( ) a and the decay following 1 year in operation in Table-I (b). 
The lower value of both activity and decay heating compared to Pb-Bi comes from the removal 

of the Bi: the majority of the active isotopes of Bi and PO with their relatively high decay 

energy are eliminated. 

The activation at one year corresponds to an average value of 4.7 Ci/g and the decay power to 
18 mW/g. There will be a systematic variation of the nuclide inventory within the activated 
region, but approximate values for the peak values may be obtained using the power density 
distribution. These are 27 Ci/g and 100 mW/g. Some reduction of the peak decay power 
will come from the energy dispersion by the (about 80%) gamma contribution. 

‘This term has been coined internally within the SINQ project to give a measure of the activation in terms 
of its potential hazard - the activity is multiplied by the DECO (Dose Equivalent to Critical Organ) factor to 
give an effective dose in rems. 
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Table-I 

(a) The build- p f u o mass, activation, ‘burden’ and decay-power as a function of irradiation time 

at a current of-l mA. 

Irradiation Mass Activation ‘Burden’ Decay-Power 
Time g kCi Mrem Watts 

10 d 2.56 236 426 948 
100 d 25.3 259 734 IO30 

1Y 92.2 270 962 1060 

2s 185 277 1090 1080 i 

(b) The decay of activation, ‘burden’ and total decay power as a function 

of time following one year in operation at 1 mA. Except for short decay 

times, just over 80% of the decay power is radiattd as gammas. 

Decay Time Activation Burden Decay-Power 
days kCi Mrem Watts 

0 270 962 1080 
0.1 180 930 620 
10 27 490 99 

100 8.3 220 21 

1 365 2.5 95 5.8 
-I 

The. ‘burden’ for the nuclide inventory is 962 Mrem after 1 year in operation at 1 mA. This 
is a factor of about 74 lower than with the Pb-Bi target. The major ‘contributors (collected 
by element) together with the values for Pb-Bi, are shown in Table-II. 

5.2 Aluminium Container 

The specific equilibrium activation (averaged over a 45 cm length of the walls) for products 
with half-lives greater than 10 mins (the shorter half-life products contribute about 18 Ci/g) 
at a beam current of 1 mA are:- 

Nuclide 1 Half-life Decay Mode Equil. Activity 

24NtZ 15.0 h 
Wg 

P-7 0.029 

22Na 2.60 y i3+7 0.046 

21Na 22.5 s 52 0.0075 

18F 110 m 0.037 

,3x 12.3 Y o- 0.13 

The contribution from Tritium has been estimated using the approximation (suggested by 
the value from Oxygen) that production corresponds to 10% of the high-energy cross-section. 
The activation of the aluminium is mainly of interest as a potential contribution to activity 
in the coolant from corrosion. 
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Table-II 

The major contributors to ‘burden’ (Mrem) with the Pb target and the Pb-Bi targets after 

operation at 1 mA for 1 year. 

Element Pb-Target Pb-Bi Target 
I 134 305 
Sr 100 149 
Ir 94 3 

Hg 75 47 
Y 73 116 
Pb 73 39 
Bi 68 13900 
Tl 62 72 
PO 54 56200 
Xe 38 68 
OS 27 20 
Pt 25 27 
Cd 20 42 

Yb 17 17 

Ce 10 21 

Others 92 174 

Totals 962 71200 

5.3 Heavy Water 

The build-up of activation and specific activation at given locations will depend on the con- 

ditions of. the circuit: for an irradiation volume V in which the coolant is irradiated for a 

time tirt, a coolant circulation time of tbtc and a total time in operation T (= N - tc;tc and 

only relevant for long half-life products), the specific activation at the end of the irradiation 

volume is given by:- 

z = c Ji = 7 7 _ (l - e~;y;;~i;i~;p”‘) 
i 

where oi is the equilibrium activation and r; the decay constant for nuclide i (in the one or 

two cases where there is a decay chain, this expression needs an obvious modification to treat 

the daughters). The specific activation at some position with a time-delay from the end of 

the irradiation volume of tdcc is obtained by introducing the appropriate exponential factor 

into the sum over nuclides. 

To give some feel for the orders of magnitude, Table-III shows values of the specific activation 

calculated with some ‘guess’ parameters (see the caption). The majority of the products are 
short-lived and will decay to negligible levels shortly after beam switch-off. The presence of 

17N will be noted in the design of the plant: being a comparatively long half-life neutron 

emitter it has the potential to cause activation to some degree throzlghout the cooling circuit. 

The tritium activity will approach 2400 Ci (but only in times given by the build-up with a 

12.3 year half-life: 120 Ci at 1 year; 980 Ci at 10 years; 1900 Ci at 30 years). 
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Table-II? ,. 

Specific activation, Ci/litre, for the DsO coolant by nuclide and using the circuit parameters: flow 

velocity 0.5 m/set, irradiation volume 8.8 lit., irradiation time (per circulation) 1.8 sec. and a 

circulation time of.230 sec. (i) at the end of the irradiation volume, Airy, (ii) .at a ,point beyond the 

end of the irradiation volume reached in 50,scconds,- Adetr (Note: only ,nuclides giving significant 

contribution at this point are included: in the table) and (i.ii). the equilibrium specific activation, 

A,. 

5.4 Lead 

Nuchde 
iSO 
140 
“N 
1Sk 

13N 
i4c 

“c 
‘Qc 

13B 
lf Be 

“OBtj 

7Be 
3H 

.Totals 

Half-life Decay Mode A+ 

2.03 m P+ 7.3 
Adct 
5.5 

A,, 
520 

TO.59 s 
17.0 s 
7.13 s 
9.96 m 
573oy 
20.38 m 
19.3 s 
17.33 s 
13.8 s 

1.6.10' y 
53.29 d' 

P"7 
P-no 

“B;’ 

P- 

P+ 

P+r 
P-7 
P-7 
P- 
EC 

0.42 0.26 22 

0.017 0.023 2.5 
8.7 0.067 54.0 
0.95 0.90 ii0 

,2.3.10-' 2.3 .-lo-' 83 
0.33 0.32 47 
0.45 0.074 7.2 
0.31 0.042 4.5 
0.035 0.0028 0.41 

1.9*1o-8 1.9 -10-8 20 

-Oh82 0.082 13 
12.3 y P- 0.039 0.039 '. 275 

1202 7.3 1340 

Corrosion 

The &O coolant will be contaminated by corrosion/erosion products. The principal cause 
for concern is then Pb-shot which will present a large surface area -to the coolant and also 
probably collide with one another giving an erosion contribution. . 

Although the exact process rates have not yet been established, order-of-magnitude estimates 
of the activation aspects are useful at this stage to see the potential ‘extent of the problem: 
cladding of the shot is planned but the degree of quality control and the consequence of failure 
depend critically~on. the hazard being inhibited. 

The build-up of activation in the DZO will be non-linear. If the production rate, in the target, 
for a nuclide with decay constant X is 4 g.atomfsec, then, neglecting. feeding from chains, the 
activity after’ some time t will be A given by: 

A = 1.628 - 1Or3 x i.x (i.0 - expWX’) 

If the target material enters the.&0 at a rate &‘, then the build-up of the coolant activity 
will be: 

6 - A I ; - (1.0 - ex~-~‘) = 1.628 - 1013 x 4 x ‘e, y i x (1.0 - expSxr)’ 
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From this it may be seen that the short lived nuclides will reach an equilibrium of: 

1 

1% 2 
xOxtfxd 

where 0 is the fractional rate of entry into the .DzO of the mass of target material containing 
the (equilibrium) activity A and the decay constant has been expressed in terms of the half- 

life in seconds. Expanding the exponential term, it may be seen that to first order, the long 

half-life nuclides will build-up according to a t2 law. 

The target activity is spread over about 1000 nuclides and requires chain-yield analysis. A 

first approximate numerical solution to give a feel for the orders of magnitude has been 

obtained using 0.1 cm/year for 0 ( we note that such a value is probably unacceptably high). 

The activation build-up over a one-year period has been estimated by taking 10 equal time 
steps. The nuclide feed-rates into the D20are taken as constant over each time step using 
(i) a corrosion rate which is constant within the interval and (ii) values of the nuclide densities 
in the target at the middle of each period. 

The build-up of the mass (Note: this is the mass of the products, NOT the mass corroded), 

activation and the ‘burden’ (see footnote above) in the DzOfor the three corrosion rates are 
shown in Table-IV (a) and the decay after a 1 year irradiation in Table-IV (b). 

The estimated activation entering the DzOis about 3 kCi (that is, about 1% of the activity 

in the target) and varies essentially linearly with total corrosion rate (i.e. 0). This is of the 

same order of magnitude as for the (short-lived) activation of the D20 in operation and the 

tritium after long-term operation. 

The contributing nuclides are biased toward ‘nastier’ medium-to-long half-life isotopes, as 

may be seen from the relatively slow decrease with time and also from the ‘burden’ (about 

6% of that for the target or a factor of six higher per Ci as compared to that for the nuclide 

mix in the target). 

The majority of the nuclides presumably will be caught in filters or resin-beds: these will 
need to be shielded. The gamma intensity (summed over all nuclides in the DsO ) is about 

2.3 f 0.3 - 10” 7/ second/Ci with a mean energy of 0.58 f 0.06 MeV where the spread in 

values is systematic with cooling period (rather higher at short and very Iong times) due to 
the changes in the nuclide mix. 

6 Summary and F’urther Design Considerations 

In the previous sections we have shown that the essential parts of a Pb-shot pebble-bed 

target system (the beam-window and the cooling of the shot) will operate with proton cur- 

rent densities over 100 PA/cm’: i.e. the window has an engineering safety factor of greater 

than 3, the Pb-shot is well below the melting point everywhere and neutronically acceptable 
materials are used. The window system should also withstand the extreme ‘fault-condition’ 

current density of 260 PA/ cm2 but, at the present stage of the study, we have not completed 
investigations for a system in which the Pb-shot will not melt at this highest current density. 

Corrosion. The Pb-shot will present a large surface area (about 6 m”) to the D20 and even 
a normal corrosion rate for the Pb-water system (0.005 cm/year) will lead to rather large 
quantities of Pb entering the coolant (about 4 kg/year). The extra activation lodged in the 
external circuit would be about 300 Ci after one year’s operation. A higher corrosion rate 
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Table-IV 

(d) The mass, activity and ‘burden’ for nuclides entering the D20 by corrosion for an average 

corrosion rate of 0.1 cm/year and a surface area of 3 m*. 

Time 1 Mass Activity ‘burden’ 

Y g Ci Mrem 
0.1 0.282 683 6.5 
0.2 1.09 1050 14 
0.3 2.39 1350 21 
0.4 4.12 1630 29 
0.5 6.24 1880 36 
0.6 8.72 2120 42 

0.7 11.5 2320 48 

0.8 14.6 2490 53 
0.9 17.9 2630 57 

1.0 21.4 2740 61 

(b) The decay of Pb corrosion product activity following one year operation at 1 mA and for a 

corrosion rate corresponding to 0.1 cm/year. 

Decay Time (days) - 
0.0 0.1 10.0 30.0 100.0 365.0 730.0 

Curies 2740 2720 2240 1890 1260 466 225 
‘Burden’ 61 61 55 49 35 20 17 

is to be expected in the irradiated regions from radiolysis: there will be an experimental 
programme to measure the corrosion rates (with beam) together with the effect of water 
processing. It is planned to clad the Pb-shot with SIX with appropriate circuit layout and 
provision of suitable shielding the problem would not seem to be too serious. The activation 
contribution of corrosion products would appear to make a rather insanitary water-cooling 
system more so, but not by a huge factor. 

Afterheat. The peak decay power density immediately after beam turn-off following operation 
at 25 PA/cm* is 5 100 mW/g. This would melt the peak-rated Pb-shot in about 10 mins 
(starting from 40 “C) if the Pb was completely thermally isolated. The corresponding surface 
power density is about 100 mW/cm* ( w c would be balanced by black-body radiation at hi h 
600 k for a surface emissivity of 2 0.2). After about 10 days cool-down period (a typical 
time delay before a target change) the corresponding figures are 10 mW/g, 100 mins and 
9 mW/cm*. It is not yet clear how high the time-averaged current density will be over a 
year’s operating period. 

The vertical geometry implies that a complete window break will make it rather inconvenient 
to keep coolant in contact with the Pb. The adoption of a two-element window will alleviate 
this if the probability of both window-elements breaking simultaneously is significantly lower 
than that for one and a means of detecting the failure of either one is provided. 
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Radiation Damage: A major uncertainty will be the life-limit of the beam window (which 
most likely will come from radiation damage although thermal cycling has to be considered 
also). The choice of aluminium has a major advantage that we do have some practical expe- 
rience. The BMA-window here at .PSI (constructed from Alusuisse type AC-100 aluminium) 

passes 16 PA of 590 MeV protons with a beam diameter of less than 5 mm (i.e. a current 

density in the region of 80 PA/cm’). To date, these windows have not failed in operation 

(but are regularly changed after about 40,000 pA * FLTS operation). Two have been taken out, 

the first after about 50,000 and the second after 30,000 pA - hrs operation, for examination: 

neither window showed visible signs of damage. 

To complete a first conceptual design study, the following points have to be worked on:- 

1. 

2. 

3. 

4. 

5. 

Optimization of the pebble-bed: confirmation of the flow-diver.ter concept, choice of 

shot-size (the size of the Pb-shot should be increased in the lower power density regions 

to (i) reduce the pressure drop and (ii) reduce the surface area presented to the L&O for 

corrosion). 

A concept for the neutronically sensitive region above 50 cm. We would like to begin 
the shielding as early as possible but power levels are still high enough in this region to 

require careful cooling design. 

Shielding: Target handling is designed to involve “hands-on” tasks in preparing the 

target for removal. Steel shielding will be introduced after 100 cm but has to incorporate 

all the service connections and will also require cooling at the bottom end. 

A complete handling concept for the target system - uncoupling the coolant circuit - 

transfer vessel - provision of cooling for after-heat etc. 

Design of the external parts of the main cooling loop, including provision of water 

processing and adequate shielding against accumulated activation. 

References 

PI 

PI 

PI 

PI 

PI 

(61 

PI 

F. Atchison, “The Neutronic Performance of Solid Target Alternatives for SINQ” 

- Contribution to these proceedings. 

M. Dubs and J. Ulrich, “Design Considerations for the SINQ Target window” 

- Contribution to these proceedings. 

S. Whitaker, “Fundamantal Principles of Heat Transfer”, Pergammon Press (1977) 

E. Achenbach, Chem. Ing. Tech. 54, 66 (1982) 

E.U. Schliinder, “W&me und Stoffiibertragung awischen durchstromten Schiittungen”, 

Chemie-Ing 38, 967 (1966) 

G. Heidenreich, “P re iminary thermal and stress analysis for the SINQ window” 1 
- Contribution to these proceedings. 

ANSYS, Swanson Analysis Systems Inc., Houston, PA 15324, USA 

568 



ICANS-XI Internahal Collaboration on Advanced Neutron SowceS 
KEK, Tsukuba, October 22-26.1990 

A High Intensity Beam Handling System at the KHK-PS New Experimental Hall 

K.H.Tanaka, M. Minakawa, Y. Yamanoi, M. Ieiri, Y. Kate, . 

H. Ishii, Y. Suzuki; T. Suzuki* and M. Takasaki 
Beam Channel Group, Physics Department, 
[*Radiation and Safety Control Center] 

KEK, National Laboratory for High Energy Physics, 
Oho l-1, Tsukuba-shi, Ibaraki-ken, 305 Japan 

K. Kate 

Electromagnet Division, TOKIN Corporation, 

6-7-l Koriyarna, Taihaku-ku, Sendai-shi, 982 Japan 

ABSTBACT 

We would like to summarize newly developed technology for handling 

high-intensity beams. This was practically employed in the beam-handling 

system of primary protons at the KM-PS new experimental hall. 

I. INTRODUCTION 

Beam intensity of primary protons extracted from the KEK-PS is gradually 

increasing because of strong requirements of phyeicists and endless efforts of 

accelerator people. Now it can be expected that lOI pps (protons per second) 

New External Proton.Beam Line 

Schematic illustration of 
beam lines of the KEK-PS. 

the Fig. 1, new counter experimental hall and 
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will be realized in the near future by using the l-GeV proton linac of the 

Japanese Hadron Facility (JHF)' as a new injector. This intensity is almost one 

order of magnitude greater than the present level of KEK-PS. The problem is that 

the present experimental hall was designed against lo'= pps and 10'" pps can not 

be extracted to the hall. We, therefore, decided to construct a new experimental 
hall2 in which we can handle high-intensity beams. The construction work of the 

new hall started'& 1987 and will be completed by the end of I990. Tuning of the 

both primary and secondary beam lines will start in early 1991 at the latest. 

Schematic illustrations of both the new hall and the beam lines are shown in Fig. 
1. The primary proton beam will be split in two directions (A and B). Two 

production targets will be irradiated in cascade at line A. Primary beam line B 

will supply protons to experiments which will require full and clean primaries. 

Beam-line components.such as 
electromagnets of high intensity beam 

lines are expected to work in very high 

radioactive environments and will have 

very strong residual radioactivity even 

during .off-beam periods. .Maintenance 
of these components, including a 

routine check up, must be carried out 

quickly from a distant location against 

very high radiation in order to 

minimize radiation exposure to 

maintenance personnel. The primary 

beam transport.system that we employed 

in the new hall is a two-storied 
structure as schematically shown in Fig. 

2. The beam line components are placed 

in the beam tunnel. Cooling water and 

electric power are supplied through a 
service tunnel constructed parallel to 
the beam tunnel. The interlock signals 

from the beam line components can be 

checked in the service tunnel. Some 

deteriorating components, such as beam 
monitors, can also be replaced from the 

service tunnel. The pumping down of 

the vacuum ducts in the beam tunnel is 

conducted from the service tunnel. The 
Fig. 2, Cross section of the beam top shielding of the beam tunnel is 

line tunnel in the new made of movable blocks instead that the 
experiment.al hall. side shielding is constructed as an 

immovable permanent concrete wall. If 
some serious trouble occurs in a beam line component, the ceiling blocks can be 

removed and the component is lifted out using an overhead crane. Maintenance of 

the component can be carried out in a hot cell prepared in the experimental hall. 
Therefore, most components must be easily removed from the beam tunnel. For this 
purpose, a quick-disconnect system of water, electric power, and interlock 
signals has been developed. A quick-disconnect flange for the .vacuum duct has 
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also been developed. Details of this system are described in the next section.- 

It should be noticed that’ the most important and essential characteristic of 

the high-intensity beam-line equipment is its radiation hardness. ‘In other words, 

those things must never break and should be maintenance free; In order to obtain 

the radiation’hardness of the beam-handling system in the new.hall, most ~ 

components of’ the system are made’.of inorganic‘materials. The. only organic 

material, used is .polyimide, which is known to be the most radiation-hard polymer3. 
The radiation lifetime of .the polyimide was, however, tested by-the existing 
Proton‘beams from KEK-.PS and no deterioration was found over 10eGy (10’ORad). 
The seals employed for vacuum’and’water conne&tions’are metallic 0-rings4. The- 
insulator-between the magnet coil and water.manifold is made of ceramicb; 
Lubrication oil is replaced by MO& or a.special metal= which contains very fine, 

carbon grains: The radiation-hard components, especially electromagnets, 
developed for making the beam line maintenance-free are described 

III. 

in the section‘ 

\ pUmPmgpOn Water connector I/ Power connector \ Signal connector 

Pig.3, The magnet assembly with quick-disconnect devices. 

II. Development of Quick Disconnect System 

A quick-disconnect system we have presently developed is for cooling water, 
electric power and interlock signals for magnets, and the vacuum flange and 

pumping port for beam ducts. All devices are assembled on an iron base plate 
with the magnet as shown in Fig. 3. The base plate will be put on a floor table 

placed on the beam tunnel by an overhead crane. ,We employed a pivot fitting 

system between the base plate and the floor table for position reproducibility of 

the magnets. The floor table is well aligned and fixed on the beam tunnel. The 
magnet comes back from the hot cell after maintenance and is again placed on the 
floor table. The alignment clearance of the pivot fitting is better than O.lmm. 

The connectors of the electric powerand interlock signals have a 
quick-disconnect structure without any external power, and are automatically 
joined by using the magnet weight when the magnet is brought down to the floor 
table. Therefore, these are set under the base plate of the magnet. The maximum 
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current/voltage is DC 3000Al200V. In order to resist high-level radioactivity, 

all the insulation parts of the connectors are made of ceramics. The connector 

developed for the interlock signals is 49 pin contacts. All of the insulation 

parts of the connectors were also replaced by ceramics. 
The water joint developed is the press-joint type using a toggle-link 

structure, as shown in Fig. 4. The applicable pipe size is 2 inches in diameter. 

The gasket is attached on the magnet side of the connector, so that the gasket is 

also brought to the hot cell and easily replaced. The pressure of the cooling 

water employed in the new experimental hall is 20kg/cm2. The water connector was 

tested according to the JIS 20kg flange standard. No water leakage was found up 

to 50kg/cm2. The pumping port has the same structure as the water connector. 

The inner diameter of the port is, however, 1 inch. A helium leak test was 

carried out and less than 10-o Torr. l/s was found. Both devices are connected 
by using a simple rotation motion supplied from outside the tunnel. 

The beam duct in the magnet should be disconnected at both ends of the 

magnet when the magnet is removed from the beam tunne17. A disconnect device for 

the vacuum flange that we developed is shown in Fig. 5. After the 

flange-disconnect device is released, the beam duct becomes 80mm shorter at both 
ends with the flange and with the disconnect device, itself, in order to clear 
the facing flanges. A special inorganic lubrication material was employed in the 

flange-disconnect device. The flange collar was made of "Devameta17" which 
contains a fine carbon powder in a brass body, ensuring very low friction at the 
surface of the metal. Most parts which need lubrication were also made of 

Devametal. MoS, was not used because of its long-term instability. This 

beam-duct disconnect device is operated also by using a simple rotation motion 

supplied from outside the tunnel. 

Fig.4, The press-joint type water 

connector using toggle-link 
structure. 

Fig. 5, Vacuum flange disconnect 

system. 

III. DEVELOPMENT OF THE RADIATION-RESISTANT MAGNETS 

It is known from our beam-handling experience at the existing experimental 
hall of the KEK-PS that the radiation life of the beam line magnets should be 
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over some 10EGy to realize ten years of stable operation with a beam of up to 

lOI pps. This radiation hardness is, at least, a factor of ten more than the 

conventional magnets insulated by epoxy resin3. We therefore developed a new 

type of radiation-resistant magnets with use of a polyimide resin pre-impregnated 
(PRP) glass cloth as new insulating,material. of magnet coilsp. The radiation 
life of PRP is expected to be several ten times longer than epoxy resin 

pre-impregnated and was tested at the existing external proton beam line of the 

KER-PS. 
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Fig. 6 Tensile strength of a cured PRP glass cloth.plotted against the 

absorbed dose by 12GeV proton irradiation. 

Absorbed dose [Gy] 

The polyimide we used was a BT (bismaleimide triazine) resin prepared by 
Mitubishi Gas Chemical Company Inc”. The test samples were strips 5mm wide, 
5Ornm long and 0.25mm thick. 12-GeV protons were focused on the samples with a 
lcm2. spot. Approximately 1.5 x 1012 protons were irradiated every 2.5 seconds, 
and 103Gy was achieved within 10 days (one experimental cycle). The tensile 

strength was,measured at absorbed doses of 107, 1Oe, 4 x lo8 and 10QGy. No 
serious fall-off of the strength was observed up to 4 x 108Gy. However, at’lOQGy 

the strength became approximately two thirds of the initial value. The results 

shown in Fig. 6 ensure a radiation life of the PRP insulated coil for over 108Gy. 

The breakdown voltage of the PRP insulator irradiated to 10eGy was also measured 
and was more than 4kV/mm. This fact also ensures the radiation resistivity of 

the PRP glass cloth for over 108Gy. Most magnets in the new hall were 
manufactured with a PRP glass cloth insulator. The glass cloth tape that we used 
was 0.25mm in thickness and was wrapped in a double layer on the conductor so 
that the insulation thickness between conductors was lmm. No other organic 

material was used in the magnet, except for the PRP. Ceramic tubes were used.for 

the electric insulation between the water manifold and the coil. Copper tubes 

were welded to both ends of the ceramic tube.’ 
The magnets placed just downstream of the target station require a higher 

radiation hardness of up to 1O”Gy. In such a case the magnet must be assembled’ 
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without any-organic materials. We assembled a small Q magnet.(25cm in bore .. 

diameter and 40cm long) from completely inorganic materials. The magnet coil was 

insulated by high-alumina cement (HAC) and asbestos. tape. First, a hollow 

conductor was wound into a final Q-magnet coil shape without any insulators. The 

distance between.conductors was temporarily maintained by .2mm thick copper 

spacers. Second, the asbestos tape was wrapped by hand after the spacers were 

removed. An inorganic ceramic bond" was used to fix the asbestos tape on the 

conductor as needed. Figure 7 shows the coil just before being filled with 

cement (a mixture of 27% HAC, 55% natural AlEO3 and 18% water by weight). 

Fig. 7, Coil just before cement 

filling. 

Fig. 8, Coil cured by the cement. 

The cement was poured into a wooden box in which the coil was placed and left 48 
hours for curing. The drying stage was divided into two parts. The first stage 

was two days in a 120 "C oven; the.second was also two days, but in a vacuum tank. 

The electric resistance between windings of the coil was measured during each 

stage and lO%R was finally achieved. The coil was then hermetically sealed in 
a stainless-steel casing. Figure 8 shows the coil before casing. The air in the 
casing was pumped down for an additional two days and replaced by dry nitrogen. 

The pumping hole was sealed by metallic gaskets. Metalized ceramic tubes were 

used as power and water lead-throughs to the coil. Since the completion of the 
cement insulated magnet there has been no electric breakdown during the last 
three years. 

Just after the establishment of cement-insulation coil technology'2, a trial 

to produce mineral insulation cables (MIC) in Japan was started. Though we can 
use any size of copper conductor in cement-insulation coil, the assembly 

technique of the cement coil is somewhat complicated and may not be suited for 

mass production. MIC consist of compacted MgO insulation surrounding the copper 
conductor, and covered with a metal sheath. The hollow conductor can be u§ed for 
direct water.cooling in order to achieve a higher current density. The sizes of 
MIC available in the world are very much limited now; there are almost three 

kinds of MIC with a hollow conductor'3. The technique to form MIC into a magnet 
coil may be, however, relatively easy compared to the cement coil. At present 
the largest MIC available is 1800A class, which is sometimes insufficient to 
assemble higher field magnet. We, then, started a project to produce MIC in 
Japan. Our final goal is to prepare a larger size MIC, such as 2500A/3000A class. 
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At present, ,750A class and 1800A-ola?s MI,cables have .becomeavailable in Japan. 
The cable length’is, however, up to 30m. The quality: of _Japanese ,MI cable was 
tested by using: bending samples and no setious failure wa-s’found. MI. cable 
longer than .6Om will be available by, the end of .1991 for both 1800A class and 
2500A class. 
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Q(I.M.Thorson): HOW do you align elements in the beam line? Do you depend on pre-alignment only? Can you 
check alignment after installation? 

A(K.H.Tanaka): It will be almost impossible to check alignment after beam irradiation on targets. We, therefore, 
prepared several steering magnets at every important points so that we can align beam with beamline. 
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Sum’~iry on the, session: . . I 
l\teFv, Concepts iii Taiget-Refleiioi-bioderiitor Systems 

The two sessions held under this general topic started out with an -interesting presentation by 
S. Sidorkin on the progress and concept-of the-neutron target station of the Moscow Meson 
Factory (MMF)’ in Troitsk. The 100 Hz, 1 GeV linac,designed-for a proton current’of l mA 
time average is nearing completion and acceleration has been successful up to an energy of 200 
MeV. The linac will be equipped with a versatile stretcher-compressor ring which will allow 
a multitude of different operating modes of the neutron targets. -‘&KY targets are embedded in 
a common shielding block, one of them designed for short pulse operation, the other one for 
high average flux intensity modulated ‘operation. The first. target will ,be equipped with anHs0 
ambient and an ‘HZ cold moderator whereas the second target will reside in a big 'Da0 tank and 
have a large D,-cold moderator associated to it. The’facility will also include an irradiation 
position in the target block upstream of the neutron targets which can be used for isotopes 
production and materials testing. Operation is expected to start in 1992 with full perfotmance 
in 1994. 

In the second contribution, .Ian Thorson gave his views ,on the ‘question’ whether one could 
simultaneously satisfy users who ‘want’ pulsed .neutrons and those for whom integral flux is 
what counts. He reminded us that, depending ‘on the moderator material one uses, the ‘spatial 
distribution of the slowing-down neutrons and that of the thermalized, neutrons may either be 
quite similar, like in Hz0 or’differ considerably in low absorption moderators like DQO or 
Be.’ A very extended spatial distribution of slowing down neutrons is obtained in- the heavier 
‘materials .such as Pb or Ni. His point is that, even’ at thermal energies there is always a more 
or less large component of slowing-down’neutrons which are just entering the thermal regime 
and hence are more concentrated in space and time than those which are in thermal equilibrium 
with the moderator. His conclusion, is that, if the primary fast neutron_ source has a sufficiently 

short .pulse structure, one can indeed satisfy both, pulsed and integrated flux demands, if’one is 
prepared to use additional momentum space shaping devices in the beam’where necessary. ,‘. . 

The presentation by Noburo Watanabe on the target-moderator-reflector concept for KENS-II 
was,‘another proof of his total .dedication to overall perforrndce; Using the results ,which Dr. 
Kyanagi had-presented in the session on cold moderators, KENS-11 will have vertical injection 
from underneath (like SINQ) into a system of split targets (as developed for LANSCE), one 
of which is decoupled from its moderators whereas the other one is coupled (similar to the 
situation at MM@. A very clever puIse delivery management between the-two targets and the 
muon facility will complement an ‘optimized geometry. and instrument allocation to ‘squeeze out 
another order of magnitude in performance over what would be obtained from a conventional 
arrangement with the same proton beam power. 

This set the stage for Mike Holding’s discussion of the experience at RAL with the clad uranium 
target under the operating conditions of a medium power proton beam. To date, five uranium 
targets have been exhausted at ISIS with a varying number of pulses and total PA-hours. SO 
far, no clear picture of the lifetime limiting key component has evolved, but also manufacturing 
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processes have not been exactly identical for the targets used so far. RAL is now on the way 
to go about this very systematically. One thing, which seems to be an important message to all 
of us who want to use materials under high load conditions is, that we will have to acquaint 
ourselves with the concepts of quality assurance. 

In all following talks, even if not explicitly stated, quality assurance could somehow be sensed as 
being of prime importance. This became obvious, when Gary Russell introduced his LANSGE- 
repair programme by saying .that the leak that had developed in their hydrogen moderator was 
probably due to a certain lack of care in the manufacturing. Now, as usual, Gary wants to take 
advantage of the fact that they have to go through all the trouble of removing the heavy binding 
magnet and, top shield to fix also a few other problems they have encountered. One of them is 
the so called “target shine”: If the beam channel walls outside the bulk shield can see parts of 
the target’s surface; ,then one. has to deal with direct high energy neutron radiation in that area. 
This may require a lot of bulky shieldin g. Gary hopes to cure this problem by opening up the 
gap between the two halfs of his split target, which he finds will not have a serious effect on 
the intensity from the flux trap moderators but could help the background radiation. 

Most of the rest of the session covered by this summary was devoted to the liquid material 
target development at PSI. Yasushi Takeda gave an impressive account on his progress in the 
experimental investigation of the flow configuration in naturally circulating liquid lead-bismuth. 
Thanks to his work we now have a quite good idea on how the flow develops at the onset of 
heat input and what its distribution in the target is. 

These investigations are complemented by a variety of other experiments, tests and calculations 
on which Martin Dubs reported. From this work we can now conclude that under standard 
operating conditions and in certain fault conditions which have to be considered, a liquid lead- 
bismumtarget and its beam entrance window are feasible. The goal has not quite been reached 
yet, but the-way to go can be seen. Nevertheless, it is felt to be prudent to develop a solid target 
in parallel to the liquid one, even if this is not a concept on which one would hope to build 
and go much further. Preliminary calculations indicate that there will be a range of operating 
parameters in terms of ball diameter and coolant flow velocity for a lead-shot pebble bed target, 
wh.ich can tolerate fault conditions resulting in a beam current density up to ten times higher 
than anticipated under standard operating conditions. 

In any case, as we move towards higher and higher beam power, radioactivity not only on the 
target will become more and more of a problem. In that sense, Dr. Torn&a’s presentations on 
his remote handling provisions in the new PS-experimental hall at KEK helped to round off 
the overall picture. It was impressive to see what can be done in terms of shortening necessary 
access times for removal of components from a radioactive environment if sufficient thought is 
given to the problem ahead of time. This is probably the price we all have to pay if we want 
to move towards higher source strength. 

Barring details, the session made it very clear that quality assurance and early attention to 
handling and maintenance problems will bethe key to a satisfactory performance of high power 
targets. 
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Measurekent of the Neutron Yield from : ‘_ :. 

Tungsten Target Irradiated with 70-GeV Protons; 

A.G. Akopyan, N.-V. Kolmychkov, A.‘V. Ku&in 

Institute fir -Nucleai- R&arch, Moskow, USSR 1 ” 

1: Introduction 

In present time in a number of laboratories (LAMF, ‘. TRIUMF, KEK, 
Institute for Nuclear Research) the projects of the high current 
proton synchrotrons for the energies of tens GeV 4kaon facilities.1 
are under development. As it was shown earlier in the papers [1,21 
high current proton accelerators of intermediate and high energy 
protons are the good base to construct high intensity neutron 
sources since signif icant growth of neutron yield from thick targets 
should take place when the energy of incident proton increases. 
Since the available suggestions -on the construction of these neutron 
sources have been based- on the theoretical estimates of the neutron 
yield it is interesting to detect directly on experiment the 
evaporated neutron yield from the targets irradiated with 
accelerated protons. 

2. Experimental Scheme. 

The yield of neutrons from tungsten target irradiated with 70-GeV 
protons on Serpukhov accelerator was measured in the present work. 
The target was assembled of tungsten plates of the ,sizes 160x160x300 
mm. 

measurements 
lOJ% 

were carried out on the 23 canal (intensity about 
/pulse) and on the 21 canal (intensity about 10’ P/~uke). 

In the first case the proton beam coming on the height of 1350 mm. 
from the concrete floor was being detected by means of the copper 
foil placed before the target. The positions of the proton- beam 
before and behind the target were determined by means of the 
photographic paper in the experiment without the target. 

In the Figure 1 the experimental scheme, the final proton beam 
position and its sizes before the target are given. 

To detect neutrons from the target the indium foils were used on 
the 23 canal. These foils were placed into the polyethylene balls of 
127 mm diameter being in 
from the geometrical 

the cadmium cover on the distance0 of 730 mm 
target center at the angles 45 , 0 and 



-22.5’tFig. 1). In the Figure 2 the function of the sensitivity of 
these ball detectors is presented. 

To find neutron flux distribution on the target surf ace the 
assembly of the activation detectors made with the plastic 
scintillator, rhodium foils and phosphorus in the single cadmium 
cover and the aluminum foil was used. The basic characteristics of 
the detectors are given in Table 1. 

Table 1. 

Main characteristics of the activation detectors 

Cross Thresh. Si.ze Density 

Det. React ion Section (MeV) (mm) ( g/mn3) T1 /z Ref 

(mbarnsl 

Cu Cu(p,spalNa24 3.90 2000 dllOx0.1 8.93 15h 5 

CH2 C12(x,xnlC11 22 20 d20x9 1.06 20.4m 4 

Al A127(n,alNa24 30 6 d40x6 2.70 15h 4 

P P31(n,plSi31 124 2.2 d20x3 2.20 2.62h 6 

Rh Rhla3(n,n’ )Rh103m 1000 1.0 d15xO. 1 12.44 56.12m 6 

In In”S~n.~)In116m 160000 0 d30xO. 12 7.3 .5.4m 4 

The verification of the aluminum and copper detectors was carried 
out with the single crystal scintillation gamma-spectrometer 
(NaJ(T1) d150xlOOl on the line of ET =2.75 MeV. 

Also the verification of the phosphorus and carbon detectors was 
done with the low background radiometric set (the polyester crystal 
of the size d45x50 mm with the photomultiplier of FEU-82 type) 171. 
The rhodium detectors were verified with the semiconductor 
gamma-spectrometer of the DGR5 type 1aznt for low energy Rontgen and 
gamma radiation. The radignuclide ljh 

Rh” (n,n’lRh” m 
produced in the reaction of 

inelastic scattering and having the half-life 
period T1/2= 56.12 min was being detected on the line of El= 20 
keV. The yield of gamma quanta of this energy is 7.865% per decay 
(81. The effectiveness of Am\lz gamma quantum detection was determined 
with the model source 
contribution of the reaction 

on 1&ts linelo4$ = 25 keV. To suppress the 
Rh (n,TlRh (TX? = 4.4 min) the 

foil was placed in the cadmium screen and kept there for about 1 
hour after irradiation. 

Calibrating measurements 
252 

were carried out with Cf on the same 
geometry when four central plates of 10 mm thickness had been 
replaced by the steel plate of 40 mm thickness with the cell for 
the source in the center. The source was being placed both in the 
target center ("0") and on the side (“A”) (Fig. 1). 

In the measurements on the canal 21 the proton beam, which was on 
the height of 225.0 mm from the concrete floor was being detected by 
two scintillation counters of 100 mm diameter with the effectiveness 
of the charged particle detection higher than 99.9x. The 
coincidence of. the data of the counters was a “trigger” of the set 
and simultaneously gave the number of protons incoming on the 
target. Two additional counters in the form of the perpendicular 
scintillating rods of the sizes 2x2x100 mm were used for the 
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precise beam directing on the target center, :_ _* i , : 
For the detection. of neutrons from the target. thh’. neutron. detector 

on the basis of the gas-discharge counter SE-6 enveloped by the 
rhodium foil was used in. the 21 canal. The counter’ was placed into 
the polyethylene sphere of’ the diameter 254 mm.. ‘.To ‘decrease the 
influence of interferences and background radiation the set of 
detection was under operation during 2 seconds between accelerator 
‘cycles of 9.7s duration one second after - the proton pulse of O.& 
duration.. Since the half-life period of the basic line -of Rh 
T1/2= 44 s the correction caused -by _ the relative pulse ‘duration is 
equal to k= 4.50:. The detector was placed at the angle 90’ to the 
beam axis on. the distance of from the axis.Calibrating 
measurements 

1.5 2$1 
were carried out with Cf when the geometry was the 

same. 

3. Results of Measurements: ’ 
,. 

.- 

., 23 canal. . 
The results of measurements on the- -23 canal- when the “number 

protons for the exposition was 8.54*1(?+- 57. for, I .the 
-of 

of 30 
min are given in Table 2. 

tiys2 
Here the neutron. fluencies from Cf per 

pne neutron of the source are-, are also .presented. : 

Table 2. 

. . 

Source Protons Cf252 (“0”) _. Cf252( l,,W) 
. 

Position ..45 ‘0 22.5 45 0 -22.5’ .i 45 ‘0 -22.5 
Neutron : 

1500- 1400 ’ F 1 uency 1600 2.6 3.1 2.7 4.7 2.4. 1.9 
n *lo5 

cm.2*p(nl 
:- 

As it follows from the data of the table the angular dep,endence, of 
the neutron .f lux around. the target irradiated.. by protons has a 
little difference from the corresponding- dependence fo.r : the target 
with the point source in the center. Taking into account the weak 
dependence of the neutron detector sensitivity on the neutron 
spectrum we obtain the following neutron yield from the target. per 
one incident proton: Y= 514 ‘/P +- 119.. In Figure 3 the distribution 
of the neutron flux on the target surf ace is presented. 

21 canal. . 

Table 3 shows the results of measurements on the 21 canal; .. 
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Table 3 shows the resu!ts of measurements on the 21 canal. 
, 

Table. 3. : _) 

Run Pre S ence Number of Detector &/Np. .Number of 

1 

2 

of target protons’ ’ Counts I 105 protons 

in .21 -canal, Nn in 8 canal 

NP. *lo5 1o14 

1.28 3885 30.4 4.19 

w 1.07 21136 197 3.52 

3 1.65 2376 14.4 3.08 

4 W 2.19 59797 273 8.70 

5* W 1.23 278 2.3 3.19 

* Measurement without Rh-foil in neutron detector 

In using the neutron detector on the basis of the gas-discharge 
counter enveloped by. the _ Rh-foil it is necessary to take into 
account the neutron ’ and gamma background. To determine the 
background- measurements ‘were carried out without the target when the 
proton beam was going past of the set to the beam stop. In this case 
neutrons and gamma radiation from the protection were being 
detected. Measuring with the tungsten target but without Rh-foil in 
the detector gave the contribution of all gamma radiation. Without 
Rh-foil and the target we have the contribution of the gamma 
radiation coming from the protection only. Comparing the results of 
the measurements #5 with those of #l and #3 shows that the neutron 
contribution is about ten times as large as that of gamma radiation. 
According to Table 3 there is the correlation between the value of 
the background and the current in the canal 8. Taking into account 
this correlation we can obtain the average rate of the detection s= 
1.94*10-3 per an incident proton. The background is 12Z in the first 
me;rement with the W;;& an”cf@ in_ the second7 o41--;~7 

measurements (intensity . 
n, ) is 

p:obability 
in the 

center of the target (57. error with the credible 0.951 
and the geometry is the same gave the following numbers of 
scintillations for 60 seconds : 82480 with the Rh-f oil and 8278 
without the foil. In account of the relative pulse duration given 
above, as well as the measured value S, we shall obtain the neutron 
yield from the W-target : Y21= 533 n/p +- 127.. 

Conclusions. 

The measurements carried out on the 23 and 21 canals gave the 
close values of the neutron yield from tungsten target. The 

524 “/p. 
average 

value of the yield is Y= This value is two times less as 
neutron yield calculated by means of the linear dependence based on 
the experimental data for energies Ep< 1 GeV [9]. Using of the more 
thick target will give larger neutron yield as compared to the 
measured one. * 
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Fig. 1. Scheme of the experiment in 23 canal. 
a) position of the detectors around the target 
b) set of detectors 
c) position of the proton beam 
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ABSTRACT 

In the Japanese Hadron Project(JHP), a- l-GeV 200-w. proton 
beam will be handled, and the radiation shield of the facility will 
be very massive concrete and iron lump. Since the constructing 
cost. is strongly affected by the shielding design, the design must 
be severely performed. 

The neutron yield irrthin targets and a copper beam dump was 
calculated by the HETC-KFA-2 Monte Carlo code. For the 
evaluation of the calculational accuracy, the calculational results 
were compared with the experimental data by Cierjacks and 
Raupp. The calculated result of heavy element agreed well with 
the experiment at a low energy region, E,clO MeV. The 
calculated angular distribution of high energy neutrons, however, 
have stronger forwardness than the measurement. The measured 
neutron yield ‘[En> 100 MeV) of 90 deg close to the calculated one 
of about 60 deg in the absolute value. 

The high energy neutron transport in a 5m-thick iron slab 
and in an 8-m-thick ordinary concrete slab was calculated with 
the HETC code and also with the discrete ordinates transport 
code, ANISN. In the ANISN calculation, the DLC-87/HILO and the 
DLC-128/LAHIMAC group cross sections were used. The ANISN 
calculation with the LAHIMAC cross sections gave strong 
underestimation compared with the HETC calculation. The 
difference of the shielding lengths calculated by the HETC code 
and by the ANISN code used with the HILO cross sections was 
smaller than 6% for the both iron and concrete cases. 

I. INTRODUCTION 

High energy neutron deep penetration is an old problem, but still a 
problem today for an accelerator shielding. The Moyer model is very useful for 
a rough shielding design of a high energy accelerator facility. This model 
essentially consists of two parameters, that is, the initial dose rate at the 
inside of an shield (He) and the shielding length(h). These parameters have 
been measured at several accelerator facilities of GeV energy regions, but have 
not been constricted. For example, the CERN-LBL-Rutherford collaborative 
work gave the values of He and h as 2.3x10-13 [Sv m2 GeV-i] and 120 [g cm-23 
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for ordinary concrete from an experiment made at the CERN -13.7 GeV proton 
synchrotron. Gn the other hand, the KEK group gave these values -as 
0.88x10-13 and 143 for ordinary concrete. The- Japanese ‘Hadron Project 
(JHP) intends to handle a l-GeV 200~A proton beam. Using the Moyer model, 
a necessary, thickness of a shielding concrete surrounding a beam dump can 
be estimated. If the data of CERN-LBL-Rutherford collaboration are used, a 
9.27 m thick concrete shield is expected to reduce the dose, equivalent rate 
at the shield surface -to G@v/h, which is .a limit of Japanese law for a radiation 
uncontrolled area. A value of -IO. 16 m, however, is obtained when the KEK 
values are used. A 90 cm thick concrete shield reduces the dose level about 
one decade. If the dose rate is ten times larger than the expected .level, an 
investment for the additional shield will be remarkable. If the situation is 
inverse, the lost money is not small. The affair. is extremely severe for a 
spallation neutron source, because to reinforce the shield is very difficult and 
a redundant shield reduces the usable neutron intensity. 

The intra-nuclear-cascade-evaporation Monte Carlo code, HETC-KFA-2, in 
the HERMES code system,‘) is a very powerful tool for the evaluation of the 
secondary neutron production by light particles and also of their penetration 
through a shield. The discrete-ordinates Sn transportation code, ANISN, is 
also very useful for an accelerator shielding design because of its short 
calculational time on a deep penetration problem. In this work the 
calculational accuracy of these codes is evaluated by comparing the 
calculations with each other and with experiments. 

II. NEUTRON YIELD AT THIN TARGETS 

Cierjacks et al.2) measured double differential neutron production cross 
sections of C, Al, Fe, Nb, In, Ta, Pb, and U elements using 585 MeV protons 
from the SIN cyclotron. Their data are very good for a benchmark calculation 
of the HETC-KFA-2 Monte Carlo code. Neutron production cross sections of 
C, Al, Fe, In, and Pb for 585 MeV protons were calculated by the HETC code 
under the following condition. 

Table 1 Calculational conditions for neutron yield estimation at thin targets. 
Element Density Thickness Atomic Densities Number of Histories 
SC 2.20 g/cm3 5.40 mm 1% : 1.10~1023 /cm3 8.0~106 
13Al 2.71 5.58 27Al : 6.05~1022 8.0~106 
2sFe 7.86 3.93 s4Fe : 4.92x1021 5.3x106 

5eFe : 7.99x1O22 
4oIn 7.31 5.13 113In : 1.65~1021 4.4x106 

115In : 3.67~1022 
s2Pb 11.34 4.40 2oePb : 8.42~102’ 3.5x106 

2o7Pb : 7.29x1021 
2osPb : 1.73~1022 

The non-isotropic evaporation option was selected for the calculation of C and 
Al, and the high energy fission option Was selected for the other elements. 
The in-core neutron yield analysis were performed with an angular bin 
structure of a 20 degree interval between 0 and 180 deg. 

The calculational results of the C, Fe and Pb double differential cross 
sections are shown in Figs. 1, 2 and 3 in small marks connected by straight 
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lines, and the experimental data of Cierjacks are also shown in big marks. The 
Cierjacks’ 90 deg data, for example, are shown in big open triangles, and the 
corresponding calculational results of neutron emission between 80 and 100 
deg are also shown in solid triangles of which size is small. A low energy 
neutron yield for Pb element, E,clO MeV, shows good agreement between 
calculation and measurement. Since the.sum of calculated neutron yield below 
1 MeV is marked at 1 MeV, the calculational results are larger than the 
experiment at 1 MeV. For the carbon target, the difference at the low energy 
region is especially large for the data of 30 deg. In the 90 and 150 deg 
experimental data of carbon, there is a rapid decrease at about 4 MeV 
followed by a small bump at 7 MeV. The spectral tendency is much different 
for C element between the calculation and the experiment while it is in good 
agreement for Pb and Fe elements. 

The experimental data have larger values at a high energy region, E,> 100 
MeV, than the calculation in general, and the experimental spectrum is 
similar to the calculational one of more forward direction, that is, the 
experimental spectrum of high energy region at 90 deg is similar to the 
calculational one of between 60 deg and 80 deg. 

Angular distributions of neutron yield are shown in Fig. 4 for C, Al, Fe, In 
and Pb elements. A high energy neutron emission distribution, E,> 100 MeV, 
is represented with small solid triangles connected with straight lines for the 
calculation, and with big open triangles for the measurements. In the same 
manner, squares are for the neutrons of medium energy between 100 MeV 
and 10 MeV, and circles are for low energy neutrons below 10 MeV. The 
distribution of low energy neutrons is very flat for all elements. The 
agreement between calculation and experiment is good for low and medium 
energies. The calculation gave an under estimation at 90 deg and 150 deg for 
high energy neutrons. The measured neutron yields at 90 deg and 150 deg 
are similar to the calculations at about 70 deg and 100 deg. respectively. For 
the lateral shielding design of a target station, the high energy neutron yield 
at 90 deg is the most important data. From the above consideration, the 
calculational neutron yield at 60 deg can be conservatively used as the source 
data of a shielding calculation at lateral direction. 

III. NEUTRON YIELD AT THICK TARGETS 

Raupp et alsl, measured neutrons produced by bombardment of 590 MeV 
protons on a thick uranium target. Their double differential neutron yields are 
very useful for a benchmark calculation of the HETC-KFA-2 code. They used a 
10 cm by 10 cm by 40 cm uranium target, and measured neutron spectra at 
30 deg, 90 deg and 150 deg with TOF method. A neutron yield in the whole 
target was estimated by them and shown in Fig. 5 with large open marks. A 
HETC-KFA-2 calculation was performed in a similar geometry, and the results 
are shown in Fig. 5 with small marks connected with lines. At a low energy 
region, the experiment and the calculation show good agreement for emission 
angles of 90 deg and 150 deg. Considering the data of Figs. 1, 2 and 3, the 
absolute value of the experiment at 30 deg seems to have some errors. The 
calculation also reproduces high energy neutron spectra which agree well 
with the experimental data of 90 and 150 deg when the angular biasing 
mentioned in the previous section is introduced. 
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IV. NEUTRON DEEP PENETRATION 

1)HETC. Calculation 
A neutron deep .penetration was estimated by the HEIR-KFA-2 code for an 

8 m thick ordinary concrete slab and for a 5 m thick iron slab. The neutron 
sources of these calculation were derived from a HETC-KFA-2 calculation 
performed with a 10 cm di-am by 60 cm long copper beam dump bombarded 
by 1 GeV protons. The neutron yields between 0 deg and 10 deg and between 
50 deg and 70 deg were selected for the source. The latter angular interval is 
selected as the source for a lateral shield. 

Since the neutrons attenuate by several decades with these thick shields, a 
Monte Carlo calculation in a whole slab is nonrealistic. The calculation was 
divided into 1 m slabs, that is, a l-m-thick slab calculation was performed 
with the source neutrons which normally hit the center of the slab, and the 
secondary calculation in the next l-m-thick slab was performed with the 
source term of neutrons, protons and negative pions which escaped from the 
back surface of the previous slab. For incorporating the back scattering 
particles, the slabs were overlapped by 40 cm, that is, a thickness of the 1st 
slab was actually 140 cm and that of the succeeding slabs was 180 cm. A slab 
was divided into 4 regions of 25 cm thicknesses, and the neutron flux was 
evaluated by the track length estimator at each region. Since the lower cutoff 
energy of neutrons was set at 14.9 MeV, neutron spectra were obtained above 
14.9 MeV. The transmission of neutrons, protons and negative pions were 
considered at the interface between slabs. The contribution of protons was 
found to be about 2% increase of the neutron flux at the next interface, and 
that of negative pions was much less. The effect of 40 cm overlapping gives 
only 0,4%increase. The calculation was performed with 
each slab, and the cpu time was about 30 minutes 
computer. 

100000 histories for 
on a FACOM-M780 

2)ANISN Calculation 
A deterministic radiation transport code, ANISN, is made on a one 

dimensional discrete ordinates methods. This code can perform a deep 
penetration calculation in much shorter time than a Monte Carlo code. 

Using the same source of neutron yield in the copper beam dump 
bombarded by 1 GeV protons, high energy neutron penetrations through an 8 
m thick ordinary concrete slab and a 5 m thick iron slab of infinite lateral size 
were calculated by the ANISN code with the DLC-87/HILO and DLC- 
128/LAHIMAC group cross sections. These neutron and gamma coupled group 
cross sections have neutron energy structures of from thermal to 400 MeV for 
HILO and from thermal to 800 MeV for LAHIMAC. The order of the Legendre 
expansion is Ps and P3 for HILG and LAHIMAC, respectively. 

The ANISN shell source was placed at the left surface of the slab geometry. 
An S32 angular quadrature set was used, and the source was entered at the 
33rd angle in order to simulate normal injection. Calculations were 
performed with sources of all the 8 directions. The source spreads up to 1 
GeV, and the neutrons with energies above the upper limit of the group cross 
sections were treated as neutrons having the upper limit energy. For the 
conservation of the total energy, weights of the neutrons were increased by 
the ratio of the original energy and the upper limit energy. The cpu time was 
only several minutes for each calculation, which is less than l/60 of the HETC 
calculation. 
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3)Results and Discussion 
The calculated neutron spectra at 9 depths in the 8 m thick concrete slab 

are shown in Fig. 6. The source neutrons used are the yield in the copper 
beam dump at the angle between 50 and 70 deg.- The calculated results of the 
HEIC code are shown in small marks and the histograms represent the 
results of the ANISN code used with the HILO cross sections. The spectral 
shapes of these calculations are in good agreement. The jump at the top 
energy group in the ANISN spectra at shallow depths came from the energy 
truncation of the source spectrum mentioned in the previous section. The 
absolute value of the ANISN calculation, however, decreases as -the depth 
increases. 

Attenuation curves of the dose equivalent rate (HI,,) in the concrete slab 
are shown in Fig. 7. The open and solid circles are of the HETC calculation, 
and the lines are of the ANISN calculation performed with the HILO cross 
sections. The dose rates shown in this figure are due to the neutrons of 
energy above 14.9 MeV. With the increase of the emission angle of the source 
neutrons, the absolute value of the dose rate becomes small and the slant 
becomes steep. At the entrance of the slab, the ANISN results are larger than 
that of HETC because of the weight increase in the energy truncation of the 
source spectrum. The difference between the HETC and the ANISN 
calculations is only a factor of 4 at 8 m depth, and it can be concluded that 
the ANISN calculation with the DLC-87/HILO group cross sections gives good 
results compared with the HETC code. The DLC- 128/LAHIMAC cross 
sections, however, gave much underestimation, that is, a l/200 value at the 8 
m depth. 

The dose equivalent distributions due to whole neutrons and secondary 
gamma rays calculated with the HILO cross sections are shown in Fig. 8. The 
increase coming from low energy neutrons and gamma rays is about a factor of 
2. 

The ANISN code can perform an adjoint calculation, in which particles are 
traced inversely. An adjoint transmission of the dose equivalent response 
function was evaluated by using this option. The results for an 8 m thick 
ordinary concrete are shown in Fig. 9. The adjoint flux is the same as the dose 
equivalent importance function, and it can be seen that the only high energy 
neutrons contribute to the dose rate after a thick shield. 

V. CONCLUSION 

Neutron emissions from thin and thick targets were calculated by the 
HETC-KFA-2 Monte Carlo code, and compared with experimental data. The 
calculation was found to give reasonable results if some angular biasing is 
introduced for high energy neutron emissions. Deep penetrations of the 
secondary neutrons produced in a copper beam dump bombarded by 1 GeV 
protons were calculated with the HETC code and also with the ANISN 
discrete ordinates transport code. The difference between these two 
calculations was not large. 
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Fig. 1 Calculated and Measured double differential neutron production cross 
sections of carbon bombarded by 585 MeV protons. 
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Fig. 2 Calculated~ddeasured double. differential neutron production cross 
sections of iron bombarded by 585 .&WV protons. _, 
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distribution at a thick uranium target bombarded by 585 MeV protons. 
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Fig. 7 Calculated dose equivalent attenuation of high energy neutrons 
(En>14.9 MeV) in a 8 m thick ordinary concrete slab. The source was the 
neutrons produced between 50 deg and 70 deg in a copper beam dump 
bombarded by 1 GeV protons. 
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Multiplicating neutron targets based on the proton beam 
of Moscow Meson Facility. 
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ABSTRACT 
The main physical parameters of the pulsed -neutron source with 
limited multiplication (< 10) based on the proton beam of the 
Moscow meson f &il-ity are discussed. The results of 
calculation of an optimal mu1 tip1 ication coefficient are 
presented. 

One way to increase the intensity of pulse neutron sources 
based on the ’ high-current proton beams, and used for time-of-flight 
experiments is connected with the use of multiplicating targets/3/. 
This gives the following possibilities: 
a1 to increase by several times the intensity of the pulse neutron 
source in the frequency range lo-30 Hz, which is’ the most 
convenient for most time-of-f light experiments; 
b) to reduce the used proton beam current to S-307. of the full 
accelerator intensity -. that allows a number of the various 
experiments to be carried out concurrently; ” 
cl to provide high performance of the neutron source in the early 
stage of the accelerator operation when the full beam intensity 
will not yet be obtained. 

However, multiplicating targets have greater fast neutrons 
pulse duration and background level between pulses comparing to 
non-multiplicating ones. 

The optimal multiplication factor as a function of mean 
lifetime of prompt fission neutrons T and esergy E of 
neutrons used in time-of-f light experiments is shown in Fig. 1 ./4/. 
Drawing this plot it was assumed that protons are ejected from the 
storage-ring-compressor with pulse duration T = 0.32 ps /5/. .The E 
multiplication factor Kkl increases with decrease of ‘I: and increase 

of the dispersion of time of slowing down of, fast core neutrons to 
energy E and. length of the diffusion in the external moderator 
T&E)’ reaching. its maximum value in the thermal neutrons ‘range/4/. 

To determine Kkl ’ and compare pulse sources the figures of merit 

united into two groups. were used: 

where n - order of’ figure of merit (1 < n $ 41, 

b - ‘mean flux density of neutrons with the energy E on the 
radiating moderator surface, 
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s - area of the moderator surf ace that is visible from the 
sample side, 

6 = d&E+& - efficient neutron pulse duration, 

8 
elf 

- efficient core neutron pulse duration /6,7/. 

2t 

L 
8 

4 

[5=0,0252 ev / 

IO2 io3 
b (4 

1 

Fig. 1. Main plot: Optimal multiplication coefficient as a function 
of neutron energy required in an experiment for two values of 
prompt neutron life-time in case of using the proton beam 
compressor with pulse duration To= 0.32 ps. 

Insertion: Optimal multiplication coefficient as a function of 
neutron moderation time spread. The dashed lines mark the lower 
boundary of the region where the reactivity modulator is needed for 
U and Pu. 

On the first stage of experimental complex development it 
is possible to use targets with limited multiplication (KM d 151 

replacing depleted or natural uranium by high1 y enriched fuel and 
not changing the overall neutron source design A/. This decision 
requires decoupling of target core and moderators to prevent 
increasing of pulse duration and overheating of outer core elements 
by thermal neutrons produced in external moderators. Design 
performance of the pulse neutron 
with elements made of U 

2s30urce w@ 
limited multiplication 

core or U alloys and ceramics 
operating at 25 Hz is presented in Table 1. The can of a fuel 
element made of stainless steel is capable to provide fuel burn-up 

up to 2% or 2.5 years of continuous facility operation. Proton beam 
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consumption constitutes 257. of- a full accelerator intensity if the 
storage-ring-compressor is used to produce 1 short proton pulses, and 
57. - if accelerator pulses are simply “cutted” to 20 lis. It can be 
seen that the thermal zjgutrons flux density increases by a factor 
6-7 as compared with the U -target. 

Table 1. 

Target parameters. 
235 

U 
,233 

U 
238 

U 

Average power ,‘.MW 2.5 . . 2.5 0.15 

Background power, MW 0.0175 0.0075 0.0028 

Thermal netrons pulse 
duration w 01, ps .35 35 35 

Multiplication K, 10 10 - 

Average thermal .n.eutrons 

flux dens i ty - TT, n/cm’s 2.7*1013 3.6* 1013 4.3*1012 

Peak thermal neutrons 

flux density Qp.lk,n/cm2s 3.1* 1o16 4.1*1016 4.9*10= 

Pulse frequency (with -’ 
storage ring),. Hz 25 .25 25 

5/e; * 17 17 17 

I 
** 

co Id’ 
n/s 6.8* 1o15 8.3*1015 1. 1*1015 

*l As compared wi th des ign performance of the pulse reactor 
IBR-2 /8/. 

**I For the quas i stationary source qf thermal and cold neutrons. 

To evaluate optimal design parameters of the multiplicating 
target that provide minimum core dimensions, required 
multiplication factor (- 151, and 

4. 5oo*c 
satisfactory cooling conditions 

(maximum fuel temperature for U-Mo-alloy and maximum 
temperature of the outer surface of the fuel element Q 12O’Cl the 
Monte-Carlo code MCU was used /ll/. The target design used in 
computations is presented in Fig. 2. Optimal design parameters 
determined for the target with thermal. ,power 2.5 MW is presented in 
Table 2. It should be noted that to provide fuel-coolant 
compatibility in a wide temperature range in case of a fuel element 
can destruction U3Si - ceramics and U-Mo(9Xl-alloy were considered 

as the fuel composition for the light-water and PbBi-eutectic 
coolant correspondingly. 
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Fig. 2. Calculational scheme of the multiplicating target: 
l- lower moderator 
2 - decoupler 
3- core 
4 - coolant’s inlet and outlet 
5 - upper moderator 
6 - fragment of the moderator’s reflector 

. 2 
‘1 
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Table 2. 

Core parameters * 235u + Mo(9Z) 233U .+‘Mo&); Coo 1 ant 

Dimensions, cm 13.2*15*22.7 7.6*15*22.7 H,o 
(16.4*16*22.7.) .( 10*15*22.7) (Pb-Bi) 

Fuel element 
diameter, mm 

Maximum fuel 
temperature, ‘C 

Maximum fuel- element 
svrf ace temperature, 

C 

Fuel content, ~01.7. 

8.5 ( 7.9 ) 6.3-t 5.8 ) 

I 

*I With the tungsten reflector. I 
The more flat target core based on U233 and cooled by Ha0 is 

the most efficient since it provides both the lowest background 
level and the highest neutron leakage out of the core into external 
moderators. B 
designed LIZ3 

esides its dimensions are enough to the yet 
-target 

slose 
ones (6*15*22.7 cm ) that allows neutron 

guides through the biological shield to be used without any changes 
/l/. 

It should be noted that unlike the U238-target the 
multiplicating target can not be used as the beam dump cause if the 
full accelerator beam is directed onto the target its thermal power 
will be 7 MW that exceeds the design heat release almost by a 
factor of three. This causes the stronger requirements to control 
system reliability to prevent directing of the full accelerator 
beam onto the multiplicating target. 

Possible performance of the target with high 
multiplication (- 100) was considered in detail in the paper /3/. 
Using this target 
radiating 

the peak flux density of therm191 neutrgns on the 
moderator surface as high as 2*10 n/cm s can be 

obtained. 
Yet another field of application of the multiplicating target 

is considered in detail in the paper /lo/. 
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ABSTRACT 
Measurements of neutron pulse time-width and intensity have been carried 
out on grids of small moderators placed side by side and decoupled by 
cadmium strips. This moderator concept had been introduced-at ICANS-10. 
The present measurements explore 
previously attained, yielding 
while confirming the. previous 
moderator a favourable choice 
set-up. 

greater moderator thicknesses than those 
information on thickness optimization, 
results on resolution which make this 
in front of the conventional sandwich 

-Cd. 

RP-frigarotion 
Woter 

Fig. l- Scheme of cadmium grid to be filled by moderating material, with 
neutron generating target shown behind. 
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I. INTRODUCTION 

The long sought goal of finding more efficient means to slow down the fast 
neutrons from an accelerator's target, seems to be a subject still open for 
innovation. We have thus undertaken to continue exploring a concept introduced 
during ICANS- [ll, and more extensively explored in a recent paper 
121. 

From our previous experience with thin moderators, we became convinced that 
their lateral dimensions are the determining parameters as far as time 
response is concerned. Consequently, a new system was conceived consisting of 
an array of small moderators placed side by side and decoupled by cadmium 
strips. 

The sets of moderators tested consist of cadmium grids (fig. 11 filled with 
paraffin, which was chosen because of ease of manufacture. The aim is to 
selectively absorb those slow neutrons prone to have a longer residence time 
within the moderator and which contribute a poorer time resolution, while 
still retaining the possibility to increase moderator thickness in order to 
slow down a greater portion of the incident fast flux, without loosing time 
resolution; this proved to be true [1;21, and we present here a test of 
greater moderator thicknesses which were not available with the previous 
experimental set-up. 

The present array differs from that studied by Day and Sinclair 131, which 
they later discarded, in that the depth of moderator elements is not related 
to their lateral size because they are not defined as cubes, being thus free 
to vary independently and reach an optimum value. 

II. EXPERIMENTAL 

Raw data was normalized to equal fast neutron production of the 25 MeV 
electron LINAC through monitor counts, and diffraction spectra from one 
powdered Cu sample, recorded for each moderator tested, were fitted with an 
appropriate peak shape function 141. The latter is the result of the 
analytical convolution of an exponential decay with a Gaussian; it has four 
parameters : peak position, its area, and the two resolution parameters ALPHA 
and SIGMA. ALPHA takes accout of all nonsymmetrical contributions strongly 
reflecting -besides minor effects- the time response of the moderator; it is 
the reciprocal decay constant intervening in the convolution. SIGMA is the 
width parameter of the convoluted Gaussian, and collects the effects of all 
symmetrical contributions to the time distribution, arising mostly from the 
geometrical characteristics of the instrument (source included). It is not 
greatly affected by the changes of moderators of this experiment. 

For comparison purposes also a slab and a heterogeneously poisoned 
"sandwich" moderator were tested. The latter, according to a concept studied 
during 1969 [31 and of very similar dimensions as described by Windsor and 
Sinclair in 1976 [51. 

The "sandwich" 
1.8 cm3, 

consisted of a polypropylene pre-moderator slab 20 x 20 x 
and a thin circular post-moderator. 15 cm in diameter and 0.6 cm 

thick, decoupled from the pre-moderator by a 0.6 mm thick Cd sheet. The slab 
is polypropylene 20 x 20 x 2.4 cm. All moderator systems were wrapped in 
0.8 mm thick cadmium, except on their emitting faces. 

III. RESULTS 

In the figures, open symbols will identify points from references [1;21, 
while closed symbols will be assigned to new data. 

Figs. 2, 3 and 4 show how moderator related time resolution changes from 
grid to grid (characterized by "a") and also that this parameter is 
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independent of ‘the particular moderator thickness [“b”) tested. 
This was a fundamental result put through by the previous work [1;21 which 

now appears to still hold even for thicknesses "b" much greater,.t.han that of 
optimal slow neutron production. 

Fig. 5 is intended to show the general trend of the magnitude with which we 
have been: dealing, while the behaviour of "the other important magnitude, 
neutron production, is described by fig.6. I 

There was a ( 1.x 1 x 2 1 moderator which through ext;ra- irradiation 
time; was allowed to' swell in the sense 'of deformation of the paraffin 
contained in the Cd grid, till it protruded outside -of the grid boundary a few 
millimeters. As expected, this collapse of the boundary conditions of the 
experiment, produced the ,worsening of the time resolution and the related 
thermal neutron production increase visible in the figures. 

This work does not intend to find "the best" moderator; its purpose, 
instead, is to describe the behaviour of the configuration proposed herein, 
and to do so in terms of parameters useful for designers. We believe it 
constitutes a valid alternative to other choices, especially where short 
flight paths are to be used, as when a premium is put on maximizing intensity 
in the absence of shielding limitations, or while avoiding the installation of 
thermal neutron guides. 
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Fig. 2- ALPHA, the 
reciprocal exponential 
decay constant that 
intervenes in the 
analytical convolution 
with a Gaussian to yield 
the peak shape function 
[41, is most sensit-ive to 
the time response of the 
neutron moderator. This 
figure from ref. [21 
displays the time response 
behaviour of the neutron 
emission for different 
moderator families 
identified by their 
conventional symbols 
(Table 11. 
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V 
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1fP to1 
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Fig. 3- Fitted ALPHA 
values (as explained .for 
fig. .2) for grid spacing 1 
and l/2 in., showing the 
family behaviour of each 
grid through the 
insensitivity of ALPHA to 
very different moderator 
thicknesses (indicated in 
the plot). The (1 x 1 x 4) 
fit is not shown because 
of the low statistics of 
that short measurement,for 
which this general 
conclusion, anyhow, still 
holds. 

Fig. 4- ALPHAm is defined 
as the mean of the last 
four ALPHA values fitted 
on the lower side of the 
observed momentum transfer 
range (reflections 220; 
311; 222; 400 form the Cu 
sample). This mean 
associated to the 
"quasi-plateau" region of 
each moderator, plotted 
against moderator 
thickness, better 
visualizes the 
insensitivity of neutron 
emission time response 
with the addition of 
moderating material. The 
moderator which Was 

allowed to swell out of 
the Cd grid ( V 1 is seen 
to have a poorer, time 
response, as expected. 
Open symbols: Ii;21; 
closed: new data. 

Fig. 5- <ALPHAm> is the 
mean of the ALPHAm values 
belonging to each grid 
family. -The trend of 
neutron emission time 
response with grid spacing 
is clear. Slab is plotted 
according to its lateral 
dimensions as a 
"one-element grid". 
Reference sandwich 
moderator value is 
provided for comparison 
purposes. Open symbols: 
11; 21; closed: new data. 
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0 

$ Fig.. 6- Neutron 'pro&etio~ 
taken as the summation of 
eleven integrated 
intensities normalized by 
fast neutron production 
(monitor counts), and 
referred to the 

values of 
A 

t corresponding 

t II. 

the reference moderator 
~(~stidtiich). The.- mdderator 

W-A 0 r. allowed to swell out of 

0 the Cd grid ( V 1 is 

00 
0 

0 exposed to less thermal 
neutron absorption and 

1 correspondingly-exhibits a 

2 4 ‘I! ‘8 IO 12 h-igher neutpon prodtiction. 

WODERATOR THICKNESS. t cm 3 
. 

,. 
‘.. ,q _: ., ., 

,I$y 
(2 x 2 .‘ii 

ci x 1 x 4) 
(1X1X3). 

, (1 x 1 x 2) 
1 (1 x 1 x 1) 
(1 x 1 x l/2)' 

SANDQICH 

(l/2 x lY2 x 4) 
(l/2 x. l/2 x 3) 
(l/2 x l/2 x 512) 
(l/2 x l/2 x 2) 
(l/2 x l/2 x 514 
(l/2 x l/2 X 314 

I_ 

TABLE1 

Moderators identified as (a x.a x b) according to Fig. 1 with their values 
given approximately in inches for mnemonic reasons 

a tcml’ ..b' [&ml 
- 

20.0 + 0.20 +!*40,* 0.05 

4.91 + 0.01 2.54 f 0.01 

2.46 + 0.01 10.24 + A.06 
II 7.81 + 0.19 
,I 5..15 ?I 0.05 
II 2.59 + 0.11 
U 1.45 + 0.13 

1.17 + ’ 0.01 10.28 + 0.06 
II 7.80 2 0.10 
I, 6.41 + 0.15 
II 5.20 f 0.05 
4, 3.00 + 0.29 
I, 2.11 f 0.29 

Cadmium separating strips thickness: (0.7 t 0,012) mm. 
Figures listed belong to moderating elements' dimensions and do not include, 
thickness'of Cd strfps. 
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The neutron field of thick lead target ( 20 cm diam. and 

60 cm long) has been studied using the method of threshold 

detectors - fission and spallation detectors with SSNTD's. 

The investigation has been carried out at proton and 

deuteron beams of synchrophasotron SINK in the energy range 

l-3.7 GeV. The dependence of the differential neutron 

distributions on a type of incident projectile and on 

ion energy are discussed. The data analysis hdS shown I 

that the neutron spectra for incident protons are more 

hard than for the deuteron beam. The relative partial 

neutron yields for low-energy component ( (1 MeV 1 and 

high-energy component ( >20 MeV 1 contain 38X, 10% and 45%. 

7% for p and d ions respectively . The average value 

of the total neutron yields ratio 
'd"p 

= 1.20+0. 15 . 

1. INTRODUCTION 

Rapid progress in development of high-current, medi urn-energy 

ion accelerators leaded to appearance of a new branch of neutron 

physics connected with desing, investigation and application of 

the intense neutron spallation sources. The principal idea of 

efficient neutron production is a conversion of ion kinetic 
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energy in heavy metal thick target to secondary particle 

radiation.- 

The spallation reaction of nuclei is the main mechanism for 

neutrons generation in 'passing of high-energy ions through 

matter. Resides neutrons, charged ,particles are generated to a 

large extent. However, as experimental studies and calculatkons 

have shown /l-4/, the relative share of neutrons quickly 

increases in the substance with propagation of the secondary 

radiation through it. Therefore even f.or comparatively small 

targets with the characteristic size ab.ove 100' g/cm= the 

neutrons yield by many, times exceeds the charged particles 

yield. The:most characteristic feature. of- neutron spectra of 

such sources is presence of the hard component in the. energy 

range of hundreds MeV. .This is more clearly illustrated in 

Fig.l, which shows the experimental spalfation neutron spectra 

neutron spectrum for a comparison.. 

Fig.1 Energy dependence of the neutron production for fission 
source (1) and from medium-energy ion bombardment of 
various thick targets-at emission angle 0 ( the lines 
are eye-guide curves through the measured data points 1 : 

2, 3 - 59(I)-MeV and llOC+MeV protons on lead target 
10 cm diam. x 60 cm lbnq at 0 = 90° /2/; 4 A 860+leV 
prgtons on tungsten 3 cm diam...x 7.6 cm, long at 
30 /5/; 5 - 

targS?) 
l-GeV/A C ions on lead target 8x8x8 cm3 

at So" / our- re&lts o+ ~TCIF measurem&nt .I. 
: 
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Meanwhile, in spite of high demand for studies of such.neutron 

fields, there are no effective experimental methods enabling 'to 

carry ^ ou'- measurements under conditions -0-F “bad" geometry. 

In the physics of low energy neutrons such studies are usual'ly 

being 'done'by the activation ,method or the .method of fission 

threshold detectors. .The latter meth-od recently received its 

further development in work /6/ where the information taking 

from polymer solid state nucl~ear track detectors, SSNTD's, of 

fission fragments was automatized. This enabled to create an 

express method for determination of neutron fields' charts.- 

In .this paper we briefly discribe the experimental method ahd 

its application to' study the 

( 20 cm diam. and 60 cm long 

incident ion. The considered 

interesting for the neutron 

characterized by a minimum 

neutron field of ,.thick lead target 

1 having a high neutron yield per 

energy region 1 -3.7 GeV is the most 

si3urces design because it is 

of the ionization loss or a maximum 

of the neutron production per unit of ion kinetic energy. The 

precise measurements of the total yields of neutrons with energy 

less 15 MeV for this target were carried out by the neutron 

moderat i on tekhni que by Vassil'kov et al. /7/i In present 

investigation the differential characteristics of the neutron 

source have been studied in detail. 

2. EXPERIMENTfL' METHOD 

The most important requirement -in construction of a hard 

neutron radiation detector is to broaden the existed standard 

set of fission threshold detectors by adding detectors with 

higher thresholds in the region of .several hundreds or more MeV. 

The detector chosen as one of such detectors was based on the 

bismuth's fission reaction that hag been used in a number of 

works /8/ for registration of hirJh energy neutrons. Study of 

the nuclear fragmentation of various materials, spallation 

reaction, under the action of‘high energy protons and neutrons 

allowed to construct a detector of .new type with a very high 

value of the .effective threshold above several hundreds MeV. 

For neutron measurements such a detector is used apparently for 
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the first-time, ..and examining of its reqister,ing prQperties was 

paid. special. attention. ~ 

As to the ,design, a solid, track detector of f_ission event 

presents a fisriile layer about 1 rnc~/crn~ thick,, 11.3 .mm in 

diameter ( the a,rea ,l cm2-1 _ Qn an .aluminum backing ’ 19 mm ._ in 

diameter and 0.2mm,thick, :placed close to ,the SSNTD. A spallation 

detector consists of two similar thick spallation layers ( disks 1 

embracing the track detector on both sides. 

Such a design of the detector provides, firstly, 

a rather high efficiency of neutron registration due to 

making use of thick @layers ( the layer's thickness being 

greater than the makimum range of a fragment ); secondly, sharp 

decrease of the detector"s sensitivity dependence 01-l its 

orientation relative to the direction of the neutrons' 

by registration of fragments escaping both forward and 

thirdly, shielding of SSNTD from other neighbouring 

sources of dackground' counting. 

incidence 

backward; 

material 

Fission and spallatitih products were regi'stered by means of a 

SSNTD based on polyethylene xerephtalate, .'FEiP, 6 pm thick. The 

irradiated SSNTD ar'e etched 'for 6C? minutes .at a temperature 6C) + 

C) . 1 OC in a KOH solution (t.h$.,density 1.252 g/cm2 at 20° C ). 

The efficiency of neutron registration by a thin layer 
, 

threshold detector may:be- fobknd by the formula 

E = n 
Of r, ? 

2 
where n is the number of riuclei of the fissile nuclide per cm y 

uf- the fission cross section, r) - fragment registration 

efficiency. ( r) = 0-.3l,5 -for isotropic.escape of fragments ). 

Neutron fission cross sectio?j& are 'we11 .'kriown in the energy 

region bellow 20 MeV, and their values are part of different 

nucl,ear data libraries,,for .instance, ENDF/B-V. To obtain the 

values for higher energies o< neutrons, measurements' results 

/5,9,10/ were u5ed. The -. registration characteristics of 

spallation detectors were studied on a proton beam because 

of ,absence of a source of monochromatic neutrons of high 

energy._ Besides, it was assumed that the - spallaticm .,process 
: 

weakly depends on the type of the incident nucleon and has 
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an equal possibility. In Fig.2 the -measured energy dependences 

of efficiencies for investigated detectors are presented. 

From Fig.2 , it can be seen that the Cu-Cu and Cd-Cd detectors 

have considerably higher energy thresholds, and besides, the 

behavior of their efficiencies is expressed more sharply near 

the threshold. Note the Cd-Cd detector has a higher efficient 

threshold than the Cu-Cu detector. 

0. 1 1 2 3 

ENERGY . GeV 

Fig.2 Energy dependence of nucleon registration efficiency 
for various thick layers measured on proton beam. 
The solid-lines are eye-guide curves through the 
experimental data points. 

Thus, the following set of detectors were chosen, arranged in 

order to increase their registration treshold: U-235 in a 

cadmium or boron filter, Np-237, U-238, Th-232, Bi-209, CLI-CLI or 

Cd-Cd. 

The energy dependences of efficiencies for a full set of 

threshold detectors, composing a neutron detector, are 
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presented in Fig.3. The detectors' response functions and-,, the 

energy'regions of maximum sensitivity for them were cafculated 

on:basis of these dependence5 . Analysis shows, -that for all 

considered cases the -detectorsywell complement 'one another and 

provide full coverage of a very broad energy range from thermal 

to several WV. 

10 
-5 

ENERGY r MeV 

Fig.3 Energy dependence of, threshold detectors' 
efficiencies for neutrons. The curves l-3 are for 
fission detectors U-239, Np-237, U-238, Th-232 and 
bi-209 respectively 
layer ). The curves 
Cu-Cu and Cd-Cd. 

( 1 mg/cm' thickness of fission 
6,7 are for spallation detectors 

For correction experimental data we studied the following 

distorting and background effects: 1) registration of charged 

hadrons; 2) angular assymmetry of _ fission .fragments; 

3) registration fragments ‘from the backings ( "the backing 

effect") Y 4) spallation of nuclei of the fissile layer, 5) the 

own counting of SSNTD. 

The registration characteristic and the reliability of the 

obtained results strongly depends on the method of processing of 

the irradiated SSNTD. In ,order to increase of the results" 

reliability, to decrease methodical errors, the thickness-of 

the PETP film, was checked as well as the values characterising 

the process of SSNTD etching: the temperature, the concentration 
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of the KOH solution, the etching time. 

Whet- sources of the errors are the uncertainties of the 

values of the layer's mass and the efficiency of registration O+ 

fragments, the errors of corrections- for the background effects 

and the statistical error. 

-7 
4 . PROCEDURE OF DATA PROCESSING 

The energy distributions of neutrons were reconstructed by 

iteration procedure using the results of integral measurements. 

The mathematical procgssing was realized in the computer code 

RESTOR. The results of data processing are the neutrons energy 

distribution, .F( T j2- and the yields of neutrons, Y( T+ 

with kinetic energy above T.. The value T 
1 i 

is choosed from the 

set ( 0 y 0. 1 !# 1 , 6 3 20 9 50 .r lO(3 z 250 :, SO(:) ~ 10(:)(:) Plev j . 

The program allows the operator to carry out visual control of 

the restoration process, detecting a disagreement between 

the experimental results of different threshold detectors. 

A small number of iterations' ( (10 j is another criterion of 

agreement of data-in and a good chaise of the zero approximation 

of energy distribution, Fo( T ).. The zero approximation is 

realized in the code in two ways : 

1) assignment of the table of values on the energy grid, using 

known results of measurements and the calculations of neutron 

spectra ; 

2) analytic representation of the energy distribution. 

The details of the measurement and data processing method take 

place in paper Ill/. 

The method was tested in the neutron field of a lead target 

( 20 cm diam. and 20 cm long ) irradiated by 2.3%GeV protons 

The three-component representation of neutron spectrum /12,13/ 

with realistic values of parameters 'was used for assignment of 

the zero approximation. 

The results of measurements were compared, with the ones 

obtained by the time-of-flight technique. The energy distributions 

measured by these experimental methods at angle 90°are presented 

in Fig.4. Good agreement of the results with each other in the 
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10-l it:,’ 102 

ENERGY , MeV 

Fig.4 The spectral distribution of neutrons at emission 
angle 9tl" from bombardment of l_eBd target 20 cm diam.x 
20 cm long with 2.5%MeV protons has been measured by 

both the time-of-flight technique ( the points 1 and the 
threshold detectors" method ( the curve ). The TOF 
spectrum of secondary protons is shown too. 

whole energy range confirms applicability of the described 

met hod for _ studying the neutron fields of a hard energy 

spectrum. 

As shown in Fig.4 ) for thick lead'tsrget the neutron output 

is higher proton output more thak orde,r for all energies. 

4. EXPERIMENTAL SiTUF AND F%OCEDURE 

The neutron f‘ield of the lead tavget (20 cm diam. and 60 cm 

long) has been. studied at synchrophasotron- JJNR using external 

proton and deuteron beams with energy about 1 ?- 1.5 z 2 z 2.5 :, 

7 4 . 1 p and 3.7 GeV. The beam intensity during the measurements 
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was typically of 

position and the 

target have been 

beam spot at the 

the order -of 'a few 10a-lO" ions.per second. The 

profile of the beam at front surface of the 

measured by multiwire proportional chamber. The 

target position as typically 20 - 

in the vertical and horizontal -directions. The ion 

monitored using activation reactions on aluminum 

and =Al(d ,x)='Na . Aluminum monitoring-foil has 

"40 cm in front of the'target. On a base of the 

30 mm (FWHM) 

flux has been 

='Al(p,~)=~Na 

been placed 

experimental 
‘G 

data for the first monitor reaction we have supposed the cross 

section about. .constant with a value 10. C)fO..3 mb. Eut for the 

deuterons only in one e%perimental work /14/ a value of the cross 

section was determined 13.25f1.5 mb at energy 2. 33 GeV; Our 

SPALLATIDN DETECTOR ( SD ) _ 

sl. 
B 

FISSION DETECTORS ( FD ) 

Fig.5 Schematic drawing of the tayget-detectors 
arrangement (A) and the construction of 
neutron detector (E) : M - aluminum monitoring 
foil .; FL - foil with fission layer ; 
SL - spallation layer. 
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relative measurement5 nave shown.that _,for the d.euteron with 

energy 1-4 GeV a value of the.cross section may be supposed. about 

constant too. The experimental set-up and the neutron detector 

construction are shown in schematic Fig.5. The detectors have 

been placed along beam direction on the target surface and at 

angles of lcS", Wa, 60°, 90°, 120° and 150'Oat a dist'knce 1 m from 

the centre of the target. '- _ 

The typical neutron detector_ has consisted- of the fission 

detectors and for angular measurements we have added the 

spallation detectors3 where, seven SSNTD?s <ha-ye been used for 

decrease of the.methodia1. and-statistical errors.. 

The meastirements 

different threshold 

concrete brick ( SO 

The,data analysis 

.* 
2, 

0-f the neutron background ’ counts for 

detectors have been carried out with heavy 

cm long ). -. 

has been performed by using our code RESTOR. 

The energy distributions mesured by time-of-flight 

the lead target ( 20 cm diam. and 20 cm long ) 

proton beam have been.used as a, prior information 

the iero appro:<i.mation of the neutrbn spectrum. 

technique for 

on 2.55-G&' 

to construct 

The double differential- neutron production distributions, 

dF/dTdS and dF/dTdQ have been determined for each value of beam 

energy. Then from these data the integral neutron spectra 

have been calculated for'fitied values of the energy, dY(Ti) /dS 

and dY (Ti)/dQ. Finaly, N these differential distributions have 

been integrated for a'determination of the 'total neutron energy 

spectra, F(T) 'and Y(Ti). 

5. EXPERIMENTAL RESULTS 

DIFFERENTIAL CHARACTERISTICS .- 

The typical differential-neutron distributions dY(Ti) /dS 'on 

target surface along the direction of the incoming :ions with 

energy 2.0 GeV is shown in Fig.6 All distributions have one 

maximum at 2 = '12-22 cm. A value of the maximum position 

increases, when we pass from the total yield to the yield of the 

neutrons with energy Tiabove 100 MeV, and besides with a rise 

of beam particle energy. An analysis of spatial dependent 

neutron production rates in the target shows that the most 
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. 
Z, cm 

Fig.6 Side surface distributions of neutron production 
on the lead target by 2.0-GeV protons f 0 1 and 
deutkons ( 0 ). The distributions 1-6 correspond 
to neutron energy above 0, lr 6, 20, 50, 100 MeV 
respectively. The solid lines are eye-guide curves 
through the measured data points. 

neutrons are emitted from the first half of the target (Z~C30 cm). 

However the contribution of the second half of the target in 

the neutron yield increases to pass from l-GeV to 3.7~GeV ions. 
. 

The estimate has shown that about 87k4 % neutrons are emitted 

through the side surf ace of lead target and the contribution of 

the back: surface in neutron emission only a few percents ( this 

contritjution increases as the beam energy rises 1. The angul at- 

dependences of the emission of neutrons with energy higher 1, 21:) 

and 100 MeV, dY (Tii /dn ) have been ploted in Fig.7 for the pt-qtons 

and the deuterons with energy 1 and 3.7 GeV. A comparison of a 

shape of angular distributions for the protons and the deuterons 

lepds to a conclusion that only a few difference is observed 

between ones. The similarity of the shapes is partly place when 

the distributions measured at 1 GeV and 3.7 GeV are compared. 

, . 
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cos 0 

Fig.7 Ang.ular dependence of neutron production with 
energy above 1 MeV , 20 MeV,, , and 100 MeV on 
the lead target by l.O-GeV and 3.7-GeV protons 
( dark symbols gnd solid-lines ) and deuterons 
( clear symbols and dotted-lines ). The squares 
and circies correspond to 1-GeV and 3.7-GeV data. 
‘The lines are eye-guide curves through the measured 
data points. 

In contrast, the shape of the distributions strongly changes 

moving to high-energy neutronregion. The energy spectrum in the 

forward direction is much harder than .in the backward direction 

and the angular distribution of the low-energy neutrons is more 

isotropic than for the high-energy component, which is strongly 

forward peaked. 

INTEGRAL CHARACTERISTICS 

The integral characteristics describe the production of 

neutrons for the whole target at all angles. As example, the 

absolute neutron energy spectra for incident protons and 

deuterons with energy 2 GeV are shown in Fig.8. This spectra 

have one maximum in the energy region 0.1-l MeV, and above a few 

MeV the intensity o$ both spectra monotonically and quickly 

falls with neutron energy. For protons the neutron spectrum is 
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10 
-3 10-l 1C? 

ENERGY .r MeV 

103 

Fig.8 Comparison of the measured neutron energy spectra 
from the lead target bombarded by 2.WGeV protons 
( sol,id-line histogram ) and deuterons ( dotted- 
line histogram ). 

more hard than one for deuteron which produce the most number of 

low energy neutrons but give the less high-energy neutron yield. 

The numerical values. of..secondary neutron yields at incident 

projectile energy about 1, 2 and 3.7 GeV are shown in Table 1. 

Table 1. Experimental neutron yields for lead 
target ( 20 cm di am and 60 cm long ) . 

energy . 
group of 
neutrons 

energy of incident ions /GeV/ 

. 
protons deuterons 

‘) 
25;1+3.0 44.23.1 80.726.9 24.9+Zi.r:, total 

"C 1 ..a Me V 

:>?I) MeV 

1.98 3.74 

58.528.2 98.9214. 

.3 1 .:X4.7 56.4253..5 

4. 1X).7 8.221.5 
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It should be noted that experimental 'error of data for deuteron 

beam is higher than one-for .proton beam. -For deuterons . this 

leads to a large scatter 'bf experimental points -in the ,ener-By 

dependence of the neutron yi-eld.- As can be seen from Table 1;' p 

and d 

about 

about. 

ions produce ~i'n the lead target <20 cm diam. .6(Z) cm' long) 

38% and 45% neutrons in energy region below .l 1 MeV and 

above- 20 MeV respect.ive1.y. Our* estimate of the 

10 
-2 

$L*-‘_i-“-~--- 
b 

. 

6< 1 . - _le--- 
.+T-9-4--- _ 

. . -,o-------~--- 

1 I / 8 4 

1 2 7, 4 

ION ENERGY 3 GeV 

Fig.7 Relativepartial neutron yields.fr.om ,the 
lead t&rget.as & f"unction_of inci'dent ion 

. . ,energy for the .neutron 'group,$ with., energy 
above l,, ,6,.20, 50, 1,00, 259 and Sq?,MeV. 
The data for the proton beam gre t&he -dark 
symbols and solid-lines,’ ones for detitron 
beam are the clear symbols and dotted lines. 
The lines are eye-quide curves. through she 
measured data' points.. 

., - 

,.I 
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average value of the total neutron yield ratio for various 

projectiles has given a result Yd/Y = i.IzO+O.lS . The 
P 

relative 

partial neutron yields as function of the incident ion energy 

have beer! plotted in Fig.9. As seen9 their energy dependence 

becomes, more strong for both types of the projectiles as th-e 

neutron energy is ri-sing. 

FI comparison of the present experimental total neutron yields 

and the yields of neutrons below 15 MeV with the energy 

dependence of Vassil'kov et al. /7/ obtained by neutron 

moderat i on technique for proton beam and lead target ( 20 cm 

diam. and 60 cm long ) is carried out in Fig.10. It shows a good 

-. 

0 1 2 3 4 

PROTON ENERGY z GeV 

F i g . 1 (1) Comparison of the piesent r.esults on total 
neutron yields ( 0 ) and the yields of neutrons 
below 15 MeV ( ‘0 1 with the energy dependence 
of Vassilakov et al. /7/ obtained by the 
'neutron moderation technique ( solid-line 1 
for the lead target (20 cm dium.. x 60 cm long) 
bambarded by protons. 

agreement between the present results for neutrons below 15 MeV 

and the dependence from paper /7/. A simple explanation of this 

ifs a neutron leakage. The neutrons with energies above about 15 
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. . ‘. .’ 

MeV with high possibility go away from the-. moderator' of 

experimental set-up:The data analysis is still being continued. 

The authors would like to acknowledge the help in present 

measurements realization ,Y. M. Chirkin, -.-N. S. Myzin,~-A 

I. 0. Tsvetkov, I. E. Vorob'ev. z -, 

: ‘- 
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Super-intensive pulse slow neutron source SIN based on kaon 

factory. 

N. V.Kolmichkov, V. D. Laptev, V. A. Matveev, 
S.V.Serezhnikov, S.F.Sidorkin, N.M.Sobolevsky, Yu.Ya.Stavissky 
INR of Soviet Academy of Sciences 

L.N.Latisheva, 

V.I. Trushkin, V.V.Khmelschikov, N.A.Khryastov 
NIKIET 

Possibility of intensive pulse slow neutron source creation 
based on 4%Gev proton synchrotron of K-meson factory, planned 
to construction in INR AS USSR is considered. Calculated peak 
thermal neutrons flux density value, averaged on “radiatin ” 
light-water moderator surf ace of 100 cm2 is 

$7 

neutrons/(cm2secl for pulse duration of 35 microseconds. 
6.6x10 

Creation of high-current proton accelerators for 50 Gev energy 
gives way for the following development of new neutron sources 
generation based on proton beams /l/. Possibility of intensive pulse 
slow neutrons source creation based on K-meson. factory was considered 
earlier in /2/. -This article deals. with superintensive pulse neutron 
source SIN features based on K-meson factory with following accelerator 
parameters: 

Proton energy (GeVl 45 
Average current,ya 125 
Pulse f i-equency, Pps 8.3 
Pulse duration,psec 4.4 

General scheme of neutron source SIN is analogous to one of 
pulse neutron source based on Moscow meson factory (MMF-0.61 /3/. Fig. 
1 shows neutron source geometry for calculations. Target is compact 
packing of wolf ram rods cooled by water (volume water fraction about 
20%). Target and light water moderator are surrounded by iron reflector 
also cooled by water. Neutron source with reflector are located in the 
biological shield made of iron and heavy concrete. Figs. 2 and 3 show 
the location of neutron source and experimental channels in the 
shield. Shield thickness in side direction is determined by cascade 
neutrons, in proton beam direction - by p-mesons. 

Calculation of heat generation 
carried out by SHIELD and MKT 
calculation technique is presented in /2/. 

Hadron cascade calculation was 
25 GeV. 383 vaporized neutrons with 
produced per one incident proton in 

and neutron flux density were 
programs. Detailed description of 

carried out for proton energy of 
average energy of 3.3 MeV are 

the whole system - including 250 
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Fig. 1. Neutron source SIN geometry for calculation 1 - target; 2 - 

water; 3 -vacuum; 4 - reflekor; 5 - proton beam tube; 6 - 

experimental neutron channels; 

- 

Fig. 2. General view of 

moderator; 3 - beam dump; 

SIN: 1 -experimental neutron channels; 2 - 

4 - shield. 
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9 

Fig. 3. SIN vertical cross-section: 1 - water moderator; 2 - proton 
beam tube; 3 - vacuum switch; 4 - SIN target. 

. 5 - liquid hydrogen 
moderator; 6 - reflector; 7 - beam stop target; 8 - heat shield; 9. - 

experimental neutron channels. 



Figs. 4 and 5 show * neutron production 
(207. of water in the volume) from the 

. 

neutrons in wolfram target. 
distribution in wolfram target 
point proton beam. 

Table 1 presents number of neutrons going from _. ! “radiative” 
moderator surf ace of 20*40 cm2 to differential solid angles 
perpendicularly to the surf ace, calculated for : ane- falling proton 
(Ep=25 GeV). 

Efficient width 8 of thermal neutron pulses iE < “0.215‘ eV) for 
moderator thickness of 3 cm. is about 35 psec. For moderaLor parametef3 
presented apove 
neutrons/(cm secl 

the average : : thermal neutron f 1 ;ufi density a,, ,, ,= 5.9x10 
and peak density is neutr/icm secl (Ep=45 

GeV). For modefptor of .10x10 cm2 ’ cor~~~~ding. T flux a densities are: 
2.0x10i4 and 6.6x10 neutr/(cm2sec1 respectively. 

Table 2 shows sthermophysical parameters for neutron target with 
dimensions 100x300x400 mm . . 

When Gaussian cross. distribution of proton b.eam intensity has ox 

and 6 y dispersions, __ specified in the table, 907. of beam protons hit the 

target. ‘. . : . . 
Time constant 7 for cooling of wolfram rod is about‘ cpR2/A, 

where c - specific heat, p - density, R - rod radius and X - heat 
conductivity. This value 7 = , 82 msec is ‘close. .,.to pulse period T = 80 
msec and is sufficiently greater than heat-carrier transition time 
through half -target being - 15 msec. It causes suff icienfly pulse 
character of rod and heat-carrier temperature fields. ~. 

Table 3 shows relative data for radiation damages in first-wall 
materials of SIN, MMF-0.6 neutron sources a d 9 thermonuclear reactor 
with thermal load of first wall about 1 Mw/m . The,. radiation damages 
calculation were carried out by analogy with /2/. 

Data for SIN are given for proton current.. of .X25. pA and 
dispersions of 7.9 and 2.63 cm, for MMF-0.6 - for the current of 500 PA 
and 3 cm dispersion. 

Fast fluence of 
22 neutron about 10 neutr/(cm2year) . . corresponds 

to K 
dpa 

about 10 dpa -per year. Expected material features alterations : 
for such radiation dose are small. ‘, 

Table 4 gives relative parameters for SIN, ’ pulse fast reactor 
IBR-2 (Dubnal, for ISIS neutron source /4/ and for neutron source based 
on MMF-0.6. ‘< 

In conclusion we are like to acknowledge for support % and for 

interest to the work A.N.Tavchelidze, V.M.Lobashev, V.D.Burlakov. ” 

Table 1. 
____________________----- _________-__________~~~~~~~~~ ----- 

Angle, deg. 5 10 30 90 ’ 

Neutron energy 

E < 0.215 eV 0.18 0.38 3.5 16.9 

0.215ev<E<lO,SMev 0.36 1.2 12 60.5 

E > 10.5 MeV 0.001 0.003 0.05 2.6 

fraction, Z 0.2 0.2 0.3 3.3 

O<E<8 0.54 1.6 15 80 
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Proton beam 

Proton energy, GeV 

Average current, pA 

Pulse per set 

Dispersion ox, ov, cm 

Fraction of beam_ on the target,i! 

Target: 

Heat release, Mw 

Size, mm 

Rod length, mm 

Rod .diametr, mm 

Max. aver. heat release, w/m3 

Max. wall temp.,OC 

Heating up per pulse.‘C 

Coolant 2 Ha0 : 

Initial temp.,OC 

Velocity, m/set 

Flow rate, m3/h 

a, w/m’grad 

Heating up on half length of rod,‘C 

Min 

Max 

Heating up - a,'C 

Min 

Max 

- 

45 

125 

8.3 

1.9,; 2.6 

90 

2.5 

100x300x400 

300 

4 

1.3.109 

135 

60. 

30 

10 

290 

5. lo4 

12 

16 

23 

62 
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Table 3. 
_------_------------------~~~-~~~-~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

Facility Material Damage Helium ’ 

production production 
rate K 

dptt' 
rate K,,, 

dpa/year nut/year x106 
____________________~~-~~~---~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
SIN Fe’ 9 430 48 
(1st wall) Al 27 370 14 

W 6 750 130 
________--------____~~~_~~~~~~-__________~-----~-~~-~--------- 
MMF-0.6 Fe 13 220 17 
(1st wall) 
----__-_------_-___^~~~~~-~~~~-_______~_~~~~~~~~~~~~~~----~~~- 
Thermonucl. Fe 14 150 11 
reactor 

Neutron 

source 

Pulse width 

therm.neutr 

psec 

IBR-2 215 

IBR-2* 1 120 

ISIS** 35 

MMF-0.6 35 

SIN 35 

Peat flux Av. f lux PPS 

dens. therm dens. therm 

neutr/cm2s . neutr/cm% - 

Fig. of 

merit, 

@*“/e2 

1.o.1o’6 1.1.1013 5 0.16 

3.7 1o16 2.2.1013 5 1 

4.9.1015 8.5.1012 50 4.5 

4.9.1015 1.7. 1o13 100 9 

6.6.1017 2.0.10!? 8.3 HO 

--- *~~~~~~~~~~~~~_~~~~~~~~~---~~~~~~-~~-~~~~~~~~~~~~~~~~~~~~ 

*1 Expected data after modernisation. 

**I Evaluated data for target-moderator scheme analogous to the one 

of MMF-0.6. 
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Fig. 4. Z-dependence 

total heat release (21, 
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Neutronic Tuning. - S.ome Thoughts : 

Gary J. Russell 
Los Alamos National Laboratory 
Los Alamos, New Mexico USA 

“A usefzd neutron is one heading in the right direction with the correct energy at the right time.” 

“...uncontaminated and as many as possible!” 

Anonymous 

I. SUMMARY 

The above definition of a useful neutron offers a real challenge to the designers of spallation target 
systems for pulsed and steady+tate neutron sources. .(A spallation target system is the composite of 
many individual components, which are listed in Table I.) The designer’s job is to produce as many 
useful neutrons as possible. -It is an extremely complicated optimization problem; 

Neutronidly tuning a spallation target system is the process of optimizing the production of useful 
neutrons. Many variables exist in neutronically tuning a spallation target system (see Table II). 
Enhancing the neutronic performance of a spallation neutron source by neutronically tuning the target 
system is much more cost effective and prudent than increasing the output of the accelerator, which feeds 
the spallation target system. Gains in useful neutron production of 10% are very worthwhile to attain. 
For LANSCE, a 10% increase in useful neutron production corresponds to 10 l.tA of proton current in 
the Proton Storage Ring (PSR), which feeds 800-MeV protons to the Los Alamos Neutron Scattering 
Center (LANSCE). 

In neutronic tuning, the designer should isolate individual components (where possible) to 
understand the neutronics of that component. However, the designer should take this approach only so 
far. Because of synergistic effects, the designer must optimize the neutronics of the entire target system 
for useful neutron production. Even with an optimized target system, other variables are also important 
when looking at the total performance of a spallation neutron source. Table III shows the main 

I variables affecting total performance. 
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Table I 

What is a Spallation Target &stern? 

l Target(s) 

l Moderator(s) 

l Reflector(s) 

l Poisons/Decouplers/Liners 

l Structural Materials 

l Cooling Material(s) 

l Shielding 
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l Proton Beam l Moderator 

- EnergylBeam Profile 

l Target 

- Material 

* tantalum 
* tungsten 
* lead 
* lead/bismuth 
* depleted uranium 
* enriched uranium 

- GeometryLSize 

* cylinder 

Z SpaiUe S 

* split 
* composite 

l Reflector(s) 

- MateriallSize 
* beryllium 
* graphite 
* heavy water 
* nickel 
* lead 

Table II 

Neutronic Tuning Variables 

- Material 
* light water 
* heavy water 
* liquid methane 
* solid methane 
* liquid H2 
* liquid m 

- Temperature 
- Size 
- Decoupled 
- Poisoned 
- Coupled 
- Reentrant 
- Grooved 
- Honeycombed 
- Composite 
- Field-of-View 

l Poisons/Decouplers/Liners 

- MateriallThickxess 
* gadolinium 
* cadmium 
* ton 
* boral 
* 6Li 

l Target-Moderator-Reflector-Shield 
geometry 

- Coupling 
* geometric 
* neutronic 

- Target 
* solid 
* liquid 
* split ,, 
* composite 

- Moderator geometry 
* wing 
* slab ” 
* flux-trap 
* backscattering 
* composite 

l Time 

- Neutron-pulse shapes 
* pulse width 
* rise time (leading edge) 
* decay time (pulse tails) 

l Synergistic effects 




